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The purpose of this thesis was to investigate the operational possibility of MMC STATCOM in 
weak grid conditions. Weak grid is a power system which has low short circuit capacity, high 
equivalent grid impedance, high dV/dQ sensitivity and higher volatility to voltage instability. Hence 
integration of power electronics based equipment due to their fast response is a big challenge in 
weak grid. Interaction with high grid impedance of weak grid leads to loss of synchronization and 
consequently unstable operation of VSC connected to weak grid. 
In this thesis first, the effects of high grid impedance on the PLL synchronization was investi-
gated. It was observed that high grid impedance has high impact on PLL dynamics and introduces 
self-synchronization. However, it was noticed that the PLL remains stable if there is no power 
exchange between grid and VSC. Therefore, STATCOM performance is not deteriorated by the 
weak grid conditions. STATCOM model connected to weak grid was simulated in Matlab/Simulink 
environment to study the impact of the weak grid on STATCOM control system.  
Initially STATCOM was simulated as a constant current source to investigate the factors that 
impacts STATCOM stability. It was found that STATCOM operation in weak and very weak grid 
conditions is limited due to some factors that affects STATCOM stability. In capacitive mode the 
amount of the DC link voltage is main limiting factor and insufficient amount of DC link voltage 
results in the harmonic injection by STATCOM. In inductive mode high reactive power absorption 
results in high frequency oscillations in grid voltage which leads to loss of synchronization. Making 
PLL slower improves the synchronization with the grid; however, this modification deteriorates 
the DC link voltage performance which requires DC link voltage controller retuning.  
Second, STATCOM was simulated in the voltage regulation mode and it was noticed that 
STATCOM operation introduces high frequency ripple to grid voltage. The ripple frequency 
changes with the grid strengths and at very low short circuit levels system becomes unstable. To 
improve the system stability a notch filter tuned to the ripple frequency was added. Notch filter 
significantly improved STATCOM performance and extended the operational limits of STATCOM. 
However, it was noticed that at some short circuit levels resonance happens and in inductive 
mode high inductive current absorption makes system unstable. Further elaborations showed that 
interaction with the HF filter cause the system instability and reduction of the HF filter rating im-
proves the system stability.  
Finally, STATCOM performance was tested under symmetrical and asymmetrical fault condi-
tions. In case of asymmetrical fault due to unbalanced grid voltages part of the current is used to 
balance DC link voltage waveforms and the output current of the STATCOM was reduced.   
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1. INTRODUCTION 
1.1 Power system in future 
Electrical power transmission system introduced more than a century ago is currently 
undergoing tremendous change due to growing penetration of renewables and increas-
ing demand for electricity. Transmission systems needs to be more flexible to be able to 
provide secure system operation and high reliability of supply of electricity.  
The International Energy Agency (IEA) expects that by 2030 global electricity production 
will be more than 33 000 TWh [1]. The environmental concerns and feasibility of the new 
technologies shift the traditional electricity generation from fossil fuels towards renewa-
ble energy resources. The share of renewables in electricity production will rise from 
current 18.2% in 2016 to 35% in 2030, and the primary energy sources for the new re-
newable generation will be solar and wind [1][2]. Therefore, the power system in the 
future will have reduced share of fossil fuel and nuclear power plants with high and 
steady power generation capacity, and increased number of the renewable generation 
stations installed in remote locations and have volatile power generation capacity. The 
intermittent power generation, weak and aging grids, as well as little space for building 
new installations are limiting transmission system development. The application of High 
Voltage DC (HVDC) and Flexible AC Transmission Systems (FACTS) can improve the 
voltage support and capabilities of the existing transmission systems to a large extent. 
1.2 Overview of shunt FACTS Devices 
Recent developments in power electronic devices made FACTS more feasible and 
achievable for transmission system improvement [3][4], and the role of FACTS will be 
significant in the future power systems [3][5][6].  
Figure 1 shows FACTS devices based on power electronics devices utilized and con-
nection configuration. Shunt connected FACTS devices are the most common in the 
current market [6]. There are two types of shunt connected FACTS Device: Static Var 
Compensator (SVC) based on thyristor-based technology and Static Synchronous Com-
pensator (STATCOM) based on Voltage Source Converter (VSC).  
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For quite a long time rotating synchronous condenser and fixed or mechanically switched 
capacitors and inductors were the main reactive power compensating devices. However, 
since 1980s FACTS devices have been applied for reactive power compensation. In util-
ity grid applications reactive power compensation and voltage control are mostly com-
monly used FACTS device is SVC with the first commercial utility SVC installed in 1979 
[6]. SVC consists of Thyristor Controlled Reactors (TCR) and Thyristor Switched Capac-
itors (TSC). The basic operating principle of the SVC based on the control of shunt sus-
ceptance by varying thyristor firing angles of the TCR and switching on/off TSC. Main 
advantages of the SVC are fast dynamic response, high voltage and power ratings. 
 
Figure 1.Overview of major FACTS-Devices [6]. 
 
 
Figure 2.Basic STATCOM Configuration and Main Components [7]. 
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Another main shunt reactive power compensating FACTS device is STATCOM. The 
developments in power electronics made the VSC technology applicable, and now it is 
replacing the thyristor based current switched converters. STATCOM is the FACTS 
device that utilizes VSC technology. Just like the SVC, its primary function is to keep the 
voltage at the specified voltage magnitude by supplying/absorbing reactive power. 
Figure 2 depicts the basic configuration and main components of the STATCOM. Com-
pared to SVC STATCOM has shorter response time due to VSC’s fast switching. The 
operation principle of the STATCOM in contrast to the SVC’s variable susceptance, 
based on variable and controlled voltage source [4]. Compared to SVC STATCOM has 
the following advantages faster dynamic response, less space requirement, current 
injection is independent of line voltage. 
1.3 Thesis objective 
The primary goals for this thesis are listed below: 
• In-depth understanding of the mathematical modelling, operating principles and 
control of the Modular Multilevel Converter (MMC) STATCOM 
• Investigate the issues that affects the VSC operation in weak grid 
• Study the STATCOM operation possibility in weak grid, obtain the limiting factors 
that restrict the operation in weak grid and propose solution if any found.  
• Simulate STATCOM with the proposed improvements and compare the results. 
 
1.4 Thesis outline 
Chapter 2 gives an overview of the various reactive power compensation techniques and 
devices. It describes the reactive power compensation principle of STATCOM. Further, 
this chapter briefly introduces various multilevel topologies and their configuration.  
Chapter 3 explains the mathematical modelling and steady-state operation principle of 
MMC STATCOM and based on this model the control design process of MMC STAT-
COM is provided. Next, it explains synchronization technique, modulation and, finally, 
control design for unbalanced cases.  
Chapter 4 provides the information regarding power system strength and challenges of 
the VSC integration to the weak grid. Theoretical analysis of the PLL self-synchronization 
in the weak grid is provided and possible effects of self-synchronization on STATCOM 
is explained. Finally, this chapter presents the simulation model and simulation parame-
ters.  
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Chapter 5 provides the simulation results for given theoretical approach. Initially possible 
issues due to STATCOM operation as a constant current source are identified and solu-
tion to improve the operation is provided. Next, it investigates STATCOM operation in 
voltage regulation mode and possible consequences of this operation. Finally, it presents 
the results of the fault simulations.  
Finally, Chapter 6 concludes the key findings from this thesis study and summary of the 
obtained simulation and experimental results.  
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2. STATCOM REACTIVE POWER COMPENSATION 
2.1 Reactive power compensation  
Power system consists of generation, transmission and distribution of the electrical en-
ergy from the source to the customers. Apparent power consists of two components: 
active and reactive power. Active power is a part of the apparent power that is consumed 
by load and does actual work; whereas, reactive power is a part of the apparent power 
related to energy exchange between source and reactive component on the load side. 
Reactive power oscillates between source and load with frequency two times the rated 
value. Even though the net effect of the reactive power is zero, its imbalance has signif-
icant impact on system voltage. 
In real power system loads are mostly inductive and they require sufficient amount of 
reactive power for normal operation. The direct transfer of the reactive power from the 
source to the load over long distances has many drawbacks such as overloading of the 
power system generators and equipment, reduced power transfer capability, voltage 
drop over transmission line and, increased power losses. In power system, the power 
generation and load must balance all the times. In case of disturbance by changing sys-
tem voltage and frequency system can regulate itself to some extent. However, this self-
regulation is within limited margin of few percent. The violation of the real power balance 
causes frequency instability; whereas, violating the reactive power balance will lead to 
voltage instability [8].  
Usually reactive power compensating devices are connected in series or in shunt. Shunt 
compensator is usually installed in parallel with the load at the load side or midpoint of 
the line and changes the load impedance, effectively bringing the power factor at the 
load side to unity. Since the main purpose of series compensator, in contrast to shunt, is 
to reduce the transmission line reactance, series compensator’s location in contrast to 
shunt compensator is not limited and can be installed anywhere in between source and 
load. Hence, by varying transmission line reactance, power transfer capability of the 
transmission line enhanced. 
Depending on the controllability and dynamic response reactive power compensators 
can be divided into two groups: conventional and FACTS devices. Examples of the con-
ventional compensators are fixed capacitors/inductors and synchronous condenser. 
These compensators are very limited in terms of flexibility and controllability, making the 
respond to any changes in power flow or voltage very poor in terms of accuracy and 
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smoothness. FACTS devices in contrast to conventional power compensators are built 
on power electronic devices; hence, have very quick respond to any changes in the sys-
tem providing improved system flexibility. Examples of the FACTS devices are SVC, 
STATCOM etc. Figure 1 depicts main compensating devices based on dynamic re-
sponse and connection scheme. 
Reactive power flow in shunt compensation is controlled by installing compensating de-
vice at the load side or mid-point of the line and reducing reactive component of the 
source current. Thus, voltage drop and power losses over the transmission line de-
creases. 
A simple system consisting of source, transmission line and inductive load without reac-
tive compensation device connected is depicted in Figure 3. For normal operation load 
requires reactive power that is supplied by the source which results in large current flow. 
High current flow from source to load causes high voltage drop and power losses over 
transmission line as it is shown in the phasor diagram in Figure 3. 
Figure 4 depicts the same system with current-source device added as a reactive com-
pensator at load side. This compensator supplies all the reactive current required by the 
load effectively reducing the reactive component of the source current to zero as seen 
from the phasor diagram in Figure 4. 
Shunt reactive power compensation improves the system voltage regulation and helps 
the nearby generators to operate at unity power factor. Majority of the loads are inductive 
thus the capacitive reactive power compensation is required. However, in some cases 
reactive power needs to be absorbed by the system to limit the voltage rise due to light 
load operation of the system.  Hence, a compensator with capability also for inductive 
reactive power compensation is needed. Synchronous condenser, SVC and STATCOM  
 
Figure 3.Single line diagram of AC transmission line without compensation and 
its phasor diagram [9]. 
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are examples of shunt connected reactive power compensators, that can compensate 
both inductive and capacitive reactive power. 
 
2.2 STATCOM operating principle 
STATCOM is shunt connected device of FACTS family that is based on VSC technology. 
First installed in 1999, STATCOM since then has been widely used for the system 
voltage control and reactive power compensation. Figure 5 represents simple structural 
diagram showing main components of STATCOM, which consists of a step-down 
transformer, smoothing inductor, IGBT switches, DC side capacitor and dedicated con-
trol system. Main function of STATCOM is to supply/absorb the reactive power to/from 
the grid to support the voltage at Point of Common Coupling (PCC). Since DC side 
capacitor is relatively small there is only reactive power exchange between STATCOM 
and grid. However, by connecting the energy storage like battery, STATCOM is capable 
to supply also the active power [10][11]. 
The reactive power is compensated by STATCOM by controlling the amplitude and the 
phase of the voltage at the converter output, Figure 6 presents the simplified single-line 
diagram of STATCOM connected to the grid. For simplicity resistance is omitted and 
equivalent impedance of the line is equal to 𝑋𝑡𝑟. 
 
 
 
Figure 4. Single line diagram of AC transmission line with shunt compensation 
and its phasor diagram [9]. 
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The phase difference between STATCOM output voltage 𝑉𝑠𝑡 and grid voltage 𝑉𝑔𝑟 is 𝛿. 
The current flow 𝐼𝑠𝑡 between STATCOM and the grid can be expressed with following 
equation: 
𝐼𝑠𝑡 =
?⃗⃗?𝑔𝑟−?⃗⃗?𝑠𝑡
𝑗𝑋𝑡𝑟
=
𝑉𝑠𝑡 sin𝛿−𝑗(𝑉𝑔𝑟−𝑉𝑠𝑡 cos𝛿)
𝑋𝑡𝑟
             (1) 
Hence the power flow S between STATCOM and grid can be calculated like this: 
𝑆 = ?⃗⃗?𝑔𝑟𝐼𝑠𝑡
∗ = 𝑉𝑔𝑟 × (
𝑉𝑠𝑡 sin𝛿+𝑗(𝑉𝑔𝑟−𝑉𝑠𝑡 cos𝛿)
𝑋𝑡𝑟
)             (2) 
The resulting active and reactive power equations of the STATCOM are the following:  
𝑃 =
𝑉𝑔𝑟𝑉𝑠𝑡 sin𝛿
𝑋𝑡𝑟
                                                                                                                  (3) 
𝑄 =
𝑉𝑔𝑟
2 −𝑉𝑔𝑟𝑉𝑠𝑡 cos𝛿
𝑋𝑡𝑟
                                                                                                           (4) 
From the equations (3) and (4) it can be concluded that by varying the amplitude and the 
phase angle of STATCOM output voltage, the active and reactive power can be sepa-
rately controlled. Ideally STATCOM output voltage is in phase with grid side voltage and 
the reactive power equation (4) can be simplified:  
 
Figure 5. STATCOM configuration diagram [4]. 
 
 
Figure 6. STATCOM single-line diagram. 
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𝑄 =
𝑉𝑔𝑟−𝑉𝑠𝑡
𝑋𝑡𝑟
𝑉𝑔𝑟                                                                                                                    (5) 
Therefore, by varying STATCOM output voltage amplitude the reactive power is con-
trolled. In real case there will be a small phase difference between STATCOM and grid 
voltage to compensate active losses in STATCOM. 
Figure 7 shows the operating modes STATCOM and corresponding voltage and current 
phasor diagrams. For inductive operation STATCOM voltage amplitude is lower than grid 
side voltage; hence, the reactive power is absorbed. Whereas, in capacitive mode the 
amplitude of the STATCOM voltage is higher than grid voltage and reactive current is 
supplied to the network. For standby mode the amplitude of the both voltages are equal 
and there is no current flow between grid and STATCOM.  
In contrast to SVC, STATCOM reactive current injection is independent of system volt-
age as it can be observed from the Figure 8. Thus, the amount of the reactive power 
STATCOM capable to provide at low voltage is higher than SVC and it varies linearly. 
Moreover, STATCOM has better dynamic response, requires less space and has sym-
metrical inductive/capacitive reactive power range.  
 
 
Figure 7. STATCOM operating modes and corresponding voltage and current 
waveforms. 
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2.3 MMC STATCOM  
For low voltage and low power rating applications, two-level STATCOM is feasible solu-
tion. However, for applications requiring higher power and voltage ratings, this 
configuration is not a good choice. The following are main limitations of the two-level 
STATCOM: 
• The main power electronic device (PED) used in VSCs is Insulated Gate Bipolar 
Transistor (IGBT); hence, in medium and high voltage grid applications IGBTs 
with high blocking ratings are required. The maximum blocking voltage of com-
mercially available Si IGBTs is 6.5 kV and seems that in terms of voltage ratings 
this technology reached its limit [13]. IGBTs based on SiC technology are capable 
to block voltages up to 15 kV and look very promising for future application but 
their application for high voltage is still questionable [14][14]. 
• Switching of the converter creates the harmonics on AC-side voltage around mul-
tiples of the switching frequency. In low voltage applications high switching fre-
quency is used for cheap and small harmonic filter design. In high voltage appli-
cations the high switching frequency will cause high switching power losses thus 
switching frequency is limited to 1 kHz which will result in more expensive and 
bulkier harmonic filter design.   
• In high voltage application fast switching of the phase voltage between DC rails 
of two-level converter will result in high voltage slope. Due to this high voltage 
 
(a)                                                       (b) 
Figure 8. Reactive current vs system voltage of a) STATCOM and b) SVC [12]. 
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slope, AC side connected equipment’s insulation will be inflicted with very high 
burden [15]. 
Due to the abovementioned reasons, multilevel topologies are the most prominent solu-
tion for medium and high voltage applications [16]. MMC is the most prominent multilevel 
topology has the following advantages compared to two-level VSC: 
• Low switching losses due to the lower switching frequency. 
• Low voltage rating of the power electronic devices. 
• Generated output voltage has a lower harmonic distortion and reduced ⅆ𝜈/ ⅆ𝑡. 
• Modularity makes it possible to replace faulty modules. 
• Possible transformer-less installation  
On the other hand, MMC has the following disadvantages: 
• MMC consists of large number of switches which makes system expensive and 
complex. 
• Large number of switches makes control of the system challenging. 
2.4 Multilevel VSC topologies 
The application of IGBT based VSC technology in medium and high voltages makes the 
utilization of simple two-level topologies almost impossible due to switching losses, har-
monic distortion and PED ratings. To overcome these issues multilevel VSC has been 
used. Multilevel VSC consists of series connected PEDs and capacitors as voltage 
sources, the output of which generate voltages with stepped waveforms [16]. Multilevel 
VSC can generate more than two voltage levels, which helps to create output voltage 
very close to pure sinusoidal by stepping. This results in reduced harmonic content, lower 
switching frequency and consequently lower switching losses, less stress on switches 
and lower voltage rating requirements for the switches. Depending on the number of 
connected DC sources multilevel VSCs can be categorized into two groups [17][18][19]: 
• Single DC source multilevel VSCs 
• Multiple DC sources multilevel VSCs  
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2.4.1 Single DC source multilevel VSC 
The most known single source multilevel converter topologies are Diode Clamped Con-
verter (DCC) and Flying Capacitor Converter (FCC). These were the first introduced mul-
tilevel VSC topologies.  
DCC uses series connected identical DC capacitors to create different voltage levels. 
Diodes inserted to clamp the blocking voltage of each switch. DCC that has only three 
levels is called Neutral Point Clamped Converter (NPCC). Figure 9 depicts the circuit 
diagrams of NPCC and five-level DCC converter. For DCC the blocking voltage of the 
switches does not change, whereas the reverse voltage blocking ratings of the diodes 
will be different. Hence, for high number of the voltage levels the DCC topology becomes 
impractical to implement due to increased number of components and component rat-
ings, system and control complexities. 
FCC was introduced to remove the drawbacks of DCC and its structure is identical to 
DCC; however, in this case instead of diodes, capacitors are clamped to evenly divide 
the blocking voltage between switches. The voltage difference between two adjacent 
legs defines the voltage steps of the output AC waveform. Figure 10 illustrates the circuit 
diagrams for three- and five-level FCCs. Like DCC, generation of voltage waveforms with 
high number of voltage steps would require large number of capacitors in each phase 
leg making the system bulky and unreliable. Moreover, for low switching frequency the 
size of the capacitors become large. All these makes it challenging and impractical to 
implement high level FCC.  
  
(a) (b) 
Figure 9. DCC multilevel converter circuit. a) 3-level and b) 5-level [16]. 
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2.4.2 Multiple DC sources multilevel VSC 
Another way to build multilevel converter is based on modularity, which is the combi-
nation of the system from smaller and identical subsystems. MMC consists of series 
connected small single-phase submodules with separate DC sources. There are several 
submodule configurations [17], the most commonly used configurations are Full-Bridge  
(FB) or H-Bridge and Half-Bridge. Figure 11 shows the schematics and the output 
voltage levels for these submodules. The addition of each submodule voltage connected 
in series will create the output phase voltage. Figure 12 represents one phase of nine-
level Cascaded H-bridge converter and its associated output voltage waveform. Since in 
theory the number of submodules in MMC is not limited, the output AC waveform can be 
controlled with great precision and low harmonic content. Moreover, modular approach 
gives scalability and any desired ratings in terms of rated power and operating voltage 
can be achieved. 
 
  
(a)                                      (b) 
Figure 10. FCC multilevel converter circuit. a) 3-level and b) 5-level [16]. 
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Depending on the connection and submodule configurations MMC is divided into 4 
groups [20]: 
• Single-Star Cascaded H-Bridge (SS-CHB) 
• Single-Delta Cascaded H -Bridge (SD-CHB) 
• Double-Star Half-Bridge (DS-HB) 
• Double-Star Full-Bridge (DS-FB) 
  
                                      (a)                                      (b) 
Figure 11. Converter submodule topologies and corresponding output waveform. 
a) half-bridge and b) full-bridge  [15]. 
 
Figure 12. Nine-level CHB converter and resulting output waveform [19]. 
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In literature the abovementioned topologies can be found under different naming; 
nevertheless, all these configurations are based on concepts of modularity and cascaded 
submodules. Therefore, in this thesis all STATCOMs based on modularity addressed as 
MMC.  
Structure of Single-Star Cascaded H-Bridge is depicted in Figure 13-a. This configuration 
consists of chain connected H-Bridges in each of its phase legs that are connect-ed in 
star. An inductor is connected in series with each leg to limit harmonic currents and to 
allow for control of arm currents. Among all MMC configurations SS-CHB has the lowest 
submodule count and as result has the lowest cost. However, the major disadvantage of 
this configuration is inability to control negative-sequence reactive power under 
unbalanced conditions. To be able to generate negative-sequence current it has to add 
zero-sequence voltage equal to phase voltage regardless of the negative-sequence 
amplitude. This will lead to over-rated converter configuration. Therefore, STATCOM 
based on this configuration is mainly used for applications requiring positive reactive 
power compensation like voltage regulation [20].   
The structure of the Single-Delta Cascaded H-Bridge is shown in Figure 13-b. In contrast 
to SS-CHB, phase legs consisting of series connected H-bridges are connected in delta 
and usually an inductor is connected inside delta branch of STATCOM, this results in √3 
times higher phase voltage rating for SD-CHB compared to SS-CHB with the same num-
ber of submodules. On the other hand, SS-CHB has the √3 times higher phase current 
rating than SD-CHB. SD-CHB under unbalanced grid voltage is capable to circulate zero- 
sequence current that can be utilized for phase capacitor voltages balancing. Opposite 
  
                                     (a)                                                      (b) 
Figure 13. Cascaded H-Bridge converter topology [21]. 
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to star connected configuration, required zero-sequence current is proportional to the 
amplitude of negative sequence current. The capability to control negative-sequence re-
active power makes STATCOM based on this configuration attractive solution for flicker 
compensation [20].  
Figure 14 depicts the circuit configuration of Double-Star Half-Bridge. Each phase leg of 
DS-HB consists of two arms: upper and lower. Each arm composed of equal number of 
cascaded half-bridge inverter submodules and series connected inductor. AC output is 
connected to the midpoint of these arms. HB submodules generate only 2 voltage levels 
as depicted in Figure 11-a; therefore, the output AC waveform is the difference between 
upper and lower arm voltages as it is shown in Figure 14. Under unbalanced conditions, 
DS-HB’s ability to control circulating current makes it possible to control negative-se-
quence current/power. In contrast to SD-CHB, DS-HB does not need to increase con-
verter ratings. Compared to single star or delta configuration individual submodules re-
quires lower device current ratings in double star configuration, due to current sharing 
between each arm. Main shortcomings of DS-HB configuration are higher cost due to 
increased number of switches and higher voltage rating compared to single star or delta.  
  
Figure 14. DS-HB configuration and its associated output waveform [21]. 
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The last MMC converter topology is Double-Star Full-Bridge which has the same circuit 
topology as DS-HB with full-bridge inverters used as submodules. With DS-FB it is pos-
sible to achieve lower voltage rating of the converter with less submodules; however, 
due to full-bridge inverter-based submodules the quantity of required switches will be 
doubled compared to DS-HB with the same number of submodules [20][21]. 
The main difference between single-star, single-delta and double-star connected con-
figurations is possibility to control active power through connected common DC-link on 
DC side. SS-CHB and SD-CHB are “three-terminal circuits” which means it is impossible 
to connect DC side of inverter to common DC link; hence, for these configurations the 
only possibility to control active power is by means of connecting isolated DC sources 
like battery packs to each submodule. On the other hand, DS-HB and DS-FB are called 
“five-terminal circuits” since it is possible to connect common DC link to their neutral 
points of the upper and lower arms. Therefore, there is no need for separate isolated DC 
sources to manipulate active power. This is the main advantage of the double-star con-
figuration compared to the other two configurations. Possibility to connect common DC 
link makes double-star configurations very attractive for HVDC applications. In applica-
tion that does not require only active power control like STATCOM, single star and delta 
connected configurations are preferred topologies[20][22].  
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3. MMC STATCOM MODELLING AND CONTROL 
DESIGN 
3.1 Introduction 
Compared to two or three-level converters, multilevel converters have much more com-
plex internal dynamics due to presence of multiple submodules. Hence, control objective 
of the multilevel STATCOM can be divided into two parts: (i) overall control of reactive 
power for PCC voltage regulation or power factor correction and (ii) individual submodule 
capacitor voltage regulation and power balancing. The latter requires specially designed 
control strategy to fix the unbalanced power sharing between submodules in each leg of 
the multilevel STATCOM due to deviation of submodule parameters (like sizes of capac-
itors) from each other. 
There are multiple control algorithms of STATCOM which can be implemented both in 
time and frequency domains, examples of these algorithms are instantaneous reactive 
power control (in abc- or αβ- domains), model predictive control, Fourier series theory, 
Kalman filter based control, synchronous reference frame (dq-domain). Among these 
control strategies dq-domain control is the simplest to implement because of straightfor-
ward application of the classical control theory and implementation of Proportional Inte-
gral (PI) controllers [15][23][24]. Use of PI controller provides good enough performance 
especially for controlled processes that have first-order dynamics or can be approxi-
mated so. On the other hand, this control method requires solid synchronization method 
to perform transformation of AC variables to DC [15][23][24].  
In contrast to dq-domain control, stationary reference frame control does not require 
complex domain transform since the reference signals are generated in stationary frame. 
For linear control in stationary frame Proportional Resonant (PR) controller is used, its 
operation resembles the PI controller and can accurately track sinusoidal waveforms 
[15][24]. However, the disadvantage of the PR controller is that it can provide accurate 
reference tracking only for frequency it is tuned for. Hence, for multiple frequency signal 
tracking R part of PR controller needs to be tuned for each of the waveform frequency 
present [15].  
Another aspect that must be considered during the selection of the control strategy is the 
amount of required computation burden by the selected strategy. For example, control 
strategy in frequency domain is slow and requires more computation burden compared 
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to the one implemented in time domain. Real devices used in practice for process control 
have limited amount of computation burden which puts restrictions in selection of the 
control method.  
3.2 STATCOM modelling and steady-state analysis 
In order to design proper control system, it is important to obtain the equations that de-
termine STATCOM’s behavior in dynamic and steady states. Figure 15 shows topology 
of SD-CHB MMC STATCOM with an arbitrary number of n H-bridge inverter-based sub-
modules per phase connected to the grid that will be used to model the system behavior. 
A passive filter Lf between converter and grid is installed to filter out harmonics in the 
injected AC current and absorb instantaneous voltage difference between the STAT-
COM and grid.  
Applying Kirchhoff’s voltage law, the dynamic model for system in Figure 15 obtained. 
For modelling purpose, all submodules assumed to have identical DC capacitors pre-
charged to same DC voltage and AC voltage is equally shared among each submodule. 
Hence, the dynamic equations for each phase on AC side expressed as: 
𝑛𝑠𝑐
𝑎𝑣𝑑𝑐
𝑎 − 𝐿𝑓
𝑑𝑖𝑎𝑏
𝑑𝑡
− 𝑅𝑓𝑖𝑎𝑏 = 𝑣𝑃𝐶𝐶𝑎𝑏                                                                                    (6) 
𝑛𝑠𝑐
𝑏𝑣𝑑𝑐
𝑏 − 𝐿𝑓
𝑑𝑖𝑏𝑐
𝑑𝑡
− 𝑅𝑓𝑖𝑏𝑐 = 𝑣𝑃𝐶𝐶𝑏𝑐                                                                                     (7) 
  
Figure 15. SD-CHB MMC STATCOM configuration. 
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𝑛𝑠𝑐
𝑐𝑣𝑑𝑐
𝑐 − 𝐿𝑓
𝑑𝑖𝑐𝑎
𝑑𝑡
− 𝑅𝑓𝑖𝑐𝑎 = 𝑣𝑃𝐶𝐶𝑐𝑎                                                                                  (8) 
where 𝑠𝑐
𝑎 , 𝑠𝑐
𝑏 , 𝑠𝑐
𝑐 are switching functions corresponding to each phase of STATCOM, 𝑅𝑓 
is the equivalent parasitic resistance of the 𝐿𝑓, 𝑣𝑑𝑐 is DC voltage of the single submodule 
capacitor and 𝑛 is the number of submodules per phase. 
DC side dynamic equation can be derived from the active power exchange between the 
grid and STATCOM, the total power on DC side expressed as: 
𝑝𝑑𝑐 = 𝑝𝑎𝑐 − 𝑝𝑙𝑜𝑠𝑠                                                                                                                (9) 
where 𝑝𝑑𝑐 is DC side power, 𝑝𝑎𝑐 is AC power of single phase, 𝑝𝑙𝑜𝑠𝑠 represents combined 
power losses on DC and AC sides. Therefore, the DC side dynamic equation for one 
submodule obtained as: 
1
2
𝐶𝑑𝑐
𝑑𝑣𝑑𝑐
2
𝑑𝑡
=
𝑝𝑎−𝑅𝑓|𝑖𝑎𝑏|
2
𝑛
−
𝑣𝑑𝑐
2
𝑅𝑑𝑐
                                                                                                                (10) 
where 𝐶𝑑𝑐 is the submodule capacitor and 𝑅𝑑𝑐 represents the overall losses on DC side 
and connected in parallel with capacitor, 𝑝𝑎 is total power transfered from grid to STAT-
COM in phase a. Equation (10) can be easily expanded to the remaining two phases. 
The switching function for simplicity can be substituted with its fundamental component 
which is usually modulation index: 
𝑠𝑐
𝑎 ≅ 𝑚𝑐
𝑎                                                                                                                            (11) 
where 𝑚𝑐
𝑎 is modulation signal for single submodule in phase a.  
Substituting (11) into (6-8) all dynamic model equations are expressed at fundamental 
frequency. Therefore, by applying Park’s transform to these equations it is possible to 
obtain dynamic model of MMC STATCOM in synchronous reference frame. Correspond-
ing STATCOM dq-domain equations are: 
𝑛𝑚𝑑𝑣𝑑𝑐 = 𝑣∆𝑑 + 𝐿𝑓
𝑑𝑖∆𝑑
𝑑𝑡
+ 𝑅𝑓𝑖∆𝑑 − 𝜔𝐿𝑓𝑖∆𝑞                                                                     (12)                        
𝑛𝑚𝑞𝑣𝑑𝑐 = 𝑣∆𝑞 + 𝐿𝑓
𝑑𝑖∆𝑞
𝑑𝑡
+ 𝑅𝑓𝑖∆𝑞 + 𝜔𝐿𝑓𝑖∆𝑑                                                                                      (13) 
1
2
𝐶𝑑𝑐
𝑑𝑣𝑑𝑐
2
𝑑𝑡
=
𝑣∆𝑑𝑖∆𝑑+ 𝑣∆𝑞𝑖∆𝑞−𝑅𝑓(𝑖∆𝑑
2 +𝑖∆𝑞
2 )
2𝑛
−
𝑣𝑑𝑐
2
𝑅𝑑𝑐
                                                                        (14) 
where 𝜔 is the angular speed of rotating vectors.                                            
Steady-state analysis required to evaluate the behavior of the STATCOM, modulating 
signals values and required compensating reactive power Q calculated by solving 
steady-state equations. In steady-state point transients die out; hence, derivatives are 
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equal to zero and state variables in steady-state can be expressed by corresponding 
capital letter.  
Thus, the steady-state equations are: 
𝑀𝑑 =
𝑉∆𝑑+𝑅𝑓𝐼∆𝑑−𝜔𝐿𝑓𝐼∆𝑞
𝑛𝑉𝑑𝑐
                                                                                                        (15) 
𝑀𝑞 =
𝑉∆𝑞+𝑅𝑓𝐼∆𝑞+𝜔𝐿𝑓𝐼∆𝑑
𝑛𝑉𝑑𝑐
                                                                                                        (16) 
0 =
𝑉∆𝑑𝐼∆𝑑+ 𝑉∆𝑞𝐼∆𝑞−𝑅𝑓(𝐼∆𝑑
2 +𝐼∆𝑞
2 )
2𝑛
−
𝑉𝑑𝑐
2
𝑅𝑑𝑐
                                                                                   (17) 
In dq-frame the power delivered by grid to STATCOM is calculated as: 
𝑆 =
3
2
𝑉∆𝑑𝑞𝐼∆𝑑𝑞
∗  →  {
𝑃 =
3
2
(𝑉∆𝑑𝐼∆𝑑 + 𝑉∆𝑞𝐼∆𝑞)   
𝑄 =
3
2
(−𝑉∆𝑑𝐼∆𝑞 + 𝑉∆𝑞𝐼∆𝑑)
                                                                            (18) 
Normally dq-reference frame synchronized with grid voltage and in steady-state the q-
component of the voltage (i.e. 𝑉∆𝑞) is equal to zero. Thus, the power equation (18) sim-
plified as: 
𝑃 =
3
2
𝑉∆𝑑𝐼∆𝑑    and     𝑄 = −
3
2
𝑉∆𝑑𝐼∆𝑞                                                                                         (19) 
It is obvious from equation (19) that active and reactive power can be controlled inde-
pendently from each other by respectively varying d- and q-components of the current. 
Therefore, if Q* is the amount of the required compensating reactive power desired value 
of the 𝐼∆𝑞 obtained as: 
𝐼∆𝑞 = −
2𝑄∗
3𝑉∆𝑑
                                                                                                                    (20) 
The values of the modulating signals equal to: 
 
𝑀𝑑 = 
𝑉∆𝑑+𝑅𝑓𝐼∆𝑑−𝜔𝐿𝑓𝐼∆𝑞
𝑛𝑉𝑑𝑐
𝑀𝑞 = 
𝑅𝑓𝐼∆𝑞+𝜔𝐿𝑓𝐼∆𝑑
𝑛𝑉𝑑𝑐
            
                                                                                                           (21) 
where 𝑉𝑑𝑐 is the only unknown variable to calculate the values of the modulating signals.  
The value of 𝑉𝑑𝑐 has to be selected so that the total sum of DC voltages of all submodules 
is higher than phase voltage amplitude:  
𝑛𝑉𝑑𝑐 > √𝑉∆𝑑
2 + 𝑉∆𝑞
2 → 𝑉𝑑𝑐 =
𝑘𝑉∆𝑑
𝑛
                                                                                      (22) 
where 𝑘 is the safety factor coefficient with a safety margin of 10% to 15%. Thus, substi-
tuting (22) into equation (21) and applying inverse Park’s transform the modulation sig-
nals in abc-domain are obtained.  
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3.3 STATCOM overall control scheme 
Control system design is based on cascaded loops, where the inner current control loop 
has highest bandwidth and fastest response of all control loops. The outer control loop 
feeds the reference signals to inner control loop. Figure 16 depicts the overall control 
block diagram of MMC STATCOM. STATCOM can operate in voltage regulation mode 
or reactive power compensation mode and depending on the mode selected Voltage 
controller or Q controller generates reference value of the current q-component. DC volt-
age controller maintains DC link voltage at desired level and produces reference value 
d-component of the current. The reference current in dq-domain is transformed to abc-
domain and fed to current controller. Current controller supplies reference signals to 
Modulation and submodule balance block where individual submodule balancing hap-
pens and supplies firing pulses sent to switches. PLL is used to synchronize to the grid 
voltage and supply estimated grid angle 𝜃 for reference frame transformation. PLL syn-
chronizes to the STATCOM branch voltage which is delta connected; hence, PCC line 
voltage due to phase displacement lags by  
𝜋
6
  and the grid angle will be 𝜃 −
𝜋
6
. Following 
subsections will provide controller design process explanation. 
 
  
Figure 16. Overall control block diagram of SD-CHB MMC STATCOM. 
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3.4 Current controller 
Current controller is implemented in abc-domain and the design of the current controller 
based on equations (6), (7) and (8). The design process here described for phase a 
which after Laplace transformation becomes as: 
𝑛𝑚𝑎𝑣𝑑𝑐 − 𝑣𝑃𝐶𝐶𝑎𝑏 = 𝑠𝐿𝑓𝑖𝑎𝑏 + 𝑅𝑓𝑖𝑎𝑏                                                                             (23)                        
the resulting equation can be easily expanded for the remaining two phases.  
Figure 17 depicts overall block diagram of current controller that consists of PR controller 
which processes an error signal between the reference current and measured current 
and feedforward compensation. In order to reduce the effect of grid side disturbances on 
current control grid phase voltage is feedforwarded. The output of the current controller 
expressed by: 
𝑛𝑚𝑎𝑣𝑑𝑐 = (𝑘𝑝𝑖 +
𝑘𝑟𝑖𝑠
𝑠2+𝜔1
2) (𝑖𝑎𝑏
∗ − 𝑖𝑎𝑏) + 𝑣𝑃𝐶𝐶𝑎𝑏                                                                   (24)                        
where 𝑘𝑝𝑖 and 𝑘𝑟𝑖 are proportional and resonant gains of PR controller, 𝑖𝑎𝑏
∗  is the refer-
ence values of phase a current and 𝜔1 is the fundamental frequency. 
To tune the PR controller parameters, it is necessary to obtain the closed loop transfer 
function of the current control process. The control process in Figure 17-a can be simpli-
fied as it is depicted in Figure 17-b and current-control loop transfer functions for the 
remaining two phases are identical; therefore, the same tuned parameters of PR con-
troller will be applied for the other two phases. From Figure 17-b closed loop transfer 
function is: 
𝐺𝑐𝑖(𝑠) =
𝑖𝑎𝑏
𝑖𝑎𝑏
∗ =
𝑘𝑝𝑖(𝑠
2+𝜔1
2)+𝑘𝑟𝑖𝑠
(𝑠2+𝜔1
2)(𝑠𝐿𝑓+𝑅𝑓)+𝑘𝑝𝑖(𝑠2+𝜔1
2)+𝑘𝑟𝑖𝑠
                                                                              (25) 
PR controller parameters’ tuning starts with the proportional gain since it will determine 
the system’s dynamics with regarding to bandwidth, gain and phase margins. Therefore, 
first resonant gain 𝑘𝑟𝑖 is set to zero and since the equivalent series resistance 𝑅𝑓 is very 
small it can be omitted for further calculations. Then, the closed loop transfer function 
𝐺𝑐𝑖(𝑠)  can be expressed as a first-order transfer function:  
𝐺𝑐𝑖(𝑠) =
𝑘𝑝𝑖
𝐿𝑓
⁄
𝑠+
𝑘𝑝𝑖
𝐿𝑓
⁄
=
𝛼𝑖
𝑠+𝛼𝑖
                                                                                                 (26) 
from which the proportional gain value obtained as 
𝑘𝑝𝑖 = 𝛼𝑖𝐿𝑓                                                                                                                         (27) 
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where 𝛼𝑖 is the required bandwidth of the resulting closed loop system. Current controller 
has the highest bandwidth among the other controllers in STATCOM; however, when the 
time delay considered there is an upper bound due to stability. Hence, practically 𝛼𝑖se-
lected to be not greater than one tenth of the angular sampling frequency [15].  
The equation (25) after some manipulations can be expressed as: 
𝐺𝑐𝑖(𝑠) =
𝛼𝑖
𝑠+𝛼𝑖
∙
𝑠2+
𝑘𝑟𝑖
𝑘𝑝𝑖
𝑠+𝜔1
2
(𝑠2+
𝑘𝑟𝑖
𝑘𝑝𝑖
𝑠+𝜔1
2)−
𝑘𝑟𝑖
𝑘𝑝𝑖
𝑠2
                                                                                                          (28) 
it is obvious from this equation that if 𝑘𝑟𝑖 → 0 resonant part of the PR controller would 
cause the issues with rejection of the signals that have small deviations from fundamen-
tal frequency it is tuned for. Hence, to be able to track signals with frequencies with slight 
variation from fundamental frequency, PR controller is chosen to be non-ideal with some 
bandwidth of 𝛼𝑃𝑅 , thus resonant gain 𝑘𝑟𝑖 can be expressed as: 
𝑘𝑟𝑖 = 𝛼𝑃𝑅𝑘𝑝𝑖 = 𝛼𝑃𝑅𝛼𝑖𝐿𝑓                                                                                                          (29) 
By substituting (29) into equation (28) and considering that 𝛼𝑃𝑅 ≪ 𝛼𝑖 the closed loop 
transfer function can be approximated as first-order transfer function: 
𝐺𝑐𝑖(𝑠) =
𝛼𝑖
𝑠+𝛼𝑖
∙
𝑠2+𝛼𝑃𝑅𝑠+𝜔1
2
(𝑠2+𝛼𝑃𝑅𝑠+𝜔1
2)−𝛼𝑃𝑅𝑠2
≈
𝛼𝑖
𝑠+𝛼𝑖
                                                                                        (30) 
 
(a) 
 
(b) 
Figure 17. Control block diagram of current controller a) overall 
and b) simplified. 
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3.5  DC voltage controller 
DC voltage controller keeps the voltage of each branch at reference value and supplies 
the reference value of the d-component current. Figure 18 shows the equivalent single 
line circuit for phase a, capacitor equal to series connection of all submodule capacitors 
and summed up DC voltages. For given system if no loss system assumed the power 
balance equation DC and AC sides expressed as: 
𝑝𝑑𝑐 =
1
2
𝐶𝑑𝑐
𝑛
𝑑(∑ 𝑣𝑑𝑐𝑖
𝑎𝑛
𝑖=1 )
2
𝑑𝑡
=
𝑛
2
𝐶𝑑𝑐
𝑑(?̅?𝑑𝑐
𝑎 )2
𝑑𝑡
𝑝𝑎𝑐 =
1
2
𝑣∆𝑑𝑖∆𝑑                                          
                                                                                                  (31) 
where ?̅?𝑑𝑐
𝑎  is DC mean capacitor voltage in phase a.  
Since AC side and DC side powers are equal, the equation (31) in Laplace domain be-
comes: 
𝑠𝑛𝐶𝑑𝑐?̅?𝑑𝑐
𝑎 2 = 𝑣∆𝑑𝑖∆𝑑                                                                                                                       (32) 
thus, the plant transfer function of DC controller expressed as: 
?̅?𝑑𝑐
2
𝑖∆𝑑
=
𝑣∆𝑑
𝑠𝑛𝐶𝑑𝑐
                                                                                                                       (33) 
Since plant transfer function has a natural integrator, proportional controller is enough to 
achieve accurate control. The overall control block diagram is depicted in Figure 19. 
Current controller is much faster than DC voltage controller; hence, the dynamics of DC 
voltage controller will not be affected by current controller and thus current assumed to 
be 𝑖∆𝑑
∗ ≈ 𝑖∆𝑑. Therefore, the open loop transfer function of the controller is: 
𝑙𝑑𝑐(𝑠) =
𝑘𝑝𝑑𝑐𝑣∆𝑑
𝑠𝑛𝐶𝑑𝑐
                                                                                                                     (34) 
where 𝑘𝑝𝑑𝑐 is proportional gain of the controller. Then, closed-loop transfer function be-
comes a first-order transfer function and for a bandwidth of 𝛼𝑑𝑐 can be written as: 
  
Figure 18.  Phase 𝑎 equivalent single line circuit. 
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𝐺𝑐𝑑𝑐(𝑠) =
𝑣𝑑𝑐
2
𝑣𝑑𝑐
∗2 =
𝑘𝑝𝑑𝑐𝑣∆𝑑
𝑛𝐶𝑑𝑐
⁄
𝑠+
𝑘𝑝𝑑𝑐𝑣∆𝑑
𝑛𝐶𝑑𝑐
⁄
=
𝛼𝑑𝑐
𝑠+𝛼𝑑𝑐
                                                                                               (35) 
which is true for 
𝑘𝑝𝑑𝑐 =
𝛼𝑑𝑐𝑛𝐶𝑑𝑐
𝑣∆𝑑
                                                                                                                (36) 
Normally the bandwidth 𝛼𝑑𝑐 of DC voltage controller is tuned to a value that is at least 
ten times smaller than the bandwidth of the current controller. This way it is possible for 
current controller to follow the current reference value generated by voltage controller.  
3.6 Voltage controller 
The reference value of the q-component current is provided depending on the operating 
mode of the STATCOM either by Q controller or voltage controller. The principle of the 
required reference value of the q-component current was explained before. Voltage con-
troller maintains PCC voltage and Figure 20 shows simplified single line diagram of 
STATCOM phase a connected to grid through equivalent grid impedance 𝑍𝑔 = 𝐿𝑔 + 𝑅𝑔. 
The dynamic equation for phase a is: 
𝑣𝑃𝐶𝐶𝑎 = 𝐿𝑔
𝑑𝑖𝑎
𝑑𝑡
+ 𝑅𝑔𝑖𝑎 + 𝑣𝑔𝑎                                                                                                                (37) 
where 𝑣𝑃𝐶𝐶𝑎 and 𝑣𝑔𝑎 respectively PCC and grid phase voltages, 𝑖𝑎 is grid line current 
supplied by STATCOM. Equation can be expanded to the remaining two phases; hence, 
in dq-domain dynamic equations for PCC voltage will be: 
𝑣𝑌𝑑 = 𝐿𝑔
𝑑𝑖𝑌𝑑
𝑑𝑡
+ 𝑅𝑔𝑖𝑌𝑑 − 𝜔𝐿𝑔𝑖𝑌𝑞 + 𝑣𝑔𝑑                                                                                            (38) 
𝑣𝑌𝑞 = 𝐿𝑔
𝑑𝑖𝑌𝑞
𝑑𝑡
+ 𝑅𝑔𝑖𝑌𝑞 + 𝜔𝐿𝑔𝑖𝑌𝑑 + 𝑣𝑔𝑞                                                                                            (39) 
  
Figure 19.  Control block diagram of DC voltage controller. 
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where 𝑣𝑌𝑑, 𝑣𝑌𝑞 are respectively d- and q-components of the phase voltage 𝑣𝑃𝐶𝐶, and 𝑖𝑌𝑑, 
𝑖𝑌𝑞 are respectively d- and q-components of the grid line current supplied by STATCOM.  
In steady-state because of PLL synchronization 𝑣𝑌𝑞 will be equal to zero, transients die 
out and if the voltage drop over 𝑅𝑔 is neglected, it is obvious that 𝑣𝑌𝑞 can be regulated 
by 𝑖𝑌𝑞. If PLL dynamics ignored, the equation (38) in Laplace domain approximated as: 
𝑣𝑌𝑑 ≈ 𝑣𝑔𝑑 − 𝜔𝐿𝑔𝑖𝑌𝑞                                                                                                       (40) 
from which we can get the plant transfer function as: 
𝑣𝑌𝑑
𝑖𝑌𝑞
≈ −𝜔𝐿𝑔                                                                                                                    (41) 
Since the transfer function of the plant is a pure gain, integral control only for PI controller 
is sufficient to achieve good enough results. The overall control block diagram is depicted 
in Figure 21, from which first order closed loop transfer function obtained: 
 𝐺𝑝𝑐𝑐(𝑠) =
𝑣𝑌𝑑
𝑣𝑌𝑑
∗ =
𝑘𝑖𝑝𝑐𝑐𝜔𝐿𝑔
𝑠+𝑘𝑖𝑝𝑐𝑐𝜔𝐿𝑔
=
𝛼𝑝𝑐𝑐
𝑠+𝛼𝑝𝑐𝑐
                                                                                         (42) 
which is true for integral gain 𝑘𝑖𝑝𝑐𝑐 equal to: 
𝑘𝑖𝑝𝑐𝑐 =
𝛼𝑝𝑐𝑐
𝜔𝐿𝑔
                                                                                                                    (43) 
where 𝛼𝑝𝑐𝑐 is the bandwidth of the Voltage controller which is selected at least ten times 
less than current controller bandwidth. 
 
  
Figure 20.  Equivalent single line circuit of STATCOM phase 𝑎. 
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3.7 Synchronous Reference Frame Phase-Locked Loop (SRF-
PLL) 
STATCOM needs to be synchronized with grid voltages to perform the transformation of 
the measured signals from time domain to dq-domain. Figure 22-a shows the block dia-
gram of the three-phase PLL used in STATCOM application. Clarke’s and Park’s trans-
forms used to convert input grid voltages to stationary and synchronous reference 
frames, q-component of measured voltage fed to PI controller and the output of the PLL 
is fed back to Park’s transform block. PI controller is used to adjust the PLL output angle 
𝜃 so that the sensed q-component of the grid voltage is equal to zero [25].The grid fre-
quency is feedforwarded to accelerate the synchronization process.  
 
 
 
 
Figure 21.  Control block diagram of voltage controller. 
  
(a) 
 
(b) 
Figure 22.  a) Control block diagram and b) linearized block diagram of SRF-PLL 
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The voltage at PCC is given by: 
[
𝑣𝑃𝐶𝐶𝑎𝑏
𝑣𝑃𝐶𝐶𝑏𝑐
𝑣𝑃𝐶𝐶𝑐𝑎
] =
[
 
 
 
𝑉𝑝𝑐𝑐∆ cos𝜃             
𝑉𝑝𝑐𝑐∆ cos( 𝜃 −
2𝜋
3
)
𝑉𝑝𝑐𝑐∆ cos( 𝜃 +
2𝜋
3
)]
 
 
 
                                                                                                            (44) 
where 𝑉𝑃𝐶𝐶∆ is the amplitude and 𝜃 is the angle of the grid voltage. The grid voltages 
after Park’s transformation becomes:  
[
𝑣∆𝑑
𝑣∆𝑞
] = 𝑉𝑝𝑐𝑐∆ [
cos( 𝜃 − 𝜃)
sin( 𝜃 − 𝜃)
]                                                                                                            (45) 
where 𝜃 is the sensed angle by PLL. Once PLL synchronized with the grid voltage the 
error between sensed and grid angle will be very small; hence, 𝑣∆𝑞 can be approximated 
as: 
𝑣∆𝑞 ≈ 𝑉𝑝𝑐𝑐∆(𝜃 − 𝜃)                                                                                                            (46) 
Based on (46) PLL can be linearized as it is depicted in Figure 22-b, where Loop Filter 
is PI controller with proportional and integral gain values of kplf and kilf respectively.  
Selection of the controller parameters based on closed loop transfer function of the PLL 
obtained from Figure 22-b as: 
𝐺𝑝𝑙𝑙(𝑠) =
?̂?
𝜃
=
𝑉𝑝𝑐𝑐∆
𝑠
(𝑘𝑝𝑙𝑓+
𝑘𝑖𝑙𝑓
𝑠
)
1+
𝑉𝑝𝑐𝑐∆
𝑠
(𝑘𝑝𝑙𝑓+
𝑘𝑖𝑙𝑓
𝑠
)
=
𝑉𝑝𝑐𝑐∆(𝑠𝑘𝑝𝑙𝑓+𝑘𝑖𝑙𝑓)
𝑠2+𝑠𝑉𝑝𝑐𝑐∆𝑘𝑝𝑙𝑓+𝑉𝑝𝑐𝑐∆𝑘𝑖𝑙𝑓
                                                  (47)  
which can be normalized as second order system. Hence, the controller parameters for 
PLL with bandwidth of 𝛼𝑝𝑙𝑙 tuned as: 
𝑘𝑝𝑙𝑓 =
2𝜉𝛼𝑝𝑙𝑙
𝑉𝑝𝑐𝑐∆
𝑘𝑖𝑙𝑓 =
𝛼𝑝𝑙𝑙
2
𝑉𝑝𝑐𝑐∆
  
                                                                                                                      (48)  
where 𝜉 is a damping factor and setting it to 1 √2⁄   would provide most favourable selec-
tion between overshoot and settling time [25].   
3.8 Modulation and individual submodule capacitor voltage bal-
ancing 
The reference signals generated by current controller are fed to the modulator to gener-
ate gate switching signals to obtain desired converter output voltage as close as possible 
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to the sinusoidal waveform. Moreover, this block performs the balancing of each individ-
ual submodule voltage based on sorting algorithm. In the following subchapters the op-
eration principle of the given techniques explained in detail.  
3.8.1 Nearest Level pulse Width Modulation (NL-PWM) 
The modulation techniques applicable to multilevel converters can be divided into two 
main groups [16][19]: 
• High Switching Frequency Modulation 
• Fundamental Switching Frequency Modulation 
Methods that utilize the switching frequency greater than 1 kHz and have many commu-
tations of the power semiconductors during one period of the fundamental output voltage 
are high frequency switching frequency modulation techniques. Several high frequency 
modulation techniques that are based on well-known carrier-based sinusoidal Pulse 
Width Modulation (PWM) developed for application in multilevel converter applications. 
Examples of these methods are Phase-Shifter PWM, Level-Shifted PWM.  
Fundamental frequency modulation techniques have the switching frequency such that 
PEDs have one or two commutation during one full cycle of the fundamental output volt-
age and generate stepwise output voltage waveform. Examples of these methods are 
Selective Harmonic Elimination, Nearest Vector Modulation and Nearest Level Modula-
tion (NLM). In multilevel converter with high number of submodules the application of 
NLM has advantage of being conceptually simple and easiness to implement [19]. 
The operation principle of NLM based on approximation the output voltage to the desired 
voltage step wisely to the nearest possible voltage level. The output voltage approxi-
mated based on the following formula: 
𝑉𝑉𝑆𝐶 = 𝑟𝑜𝑢𝑛ⅆ(
𝑉𝐷𝐸𝑆
𝑉𝑑𝑐
)𝑉𝑑𝑐                                                                                                  (49)  
where 𝑟𝑜𝑢𝑛ⅆ(𝑥) is the function of rounding the nearest integer, 𝑉𝑉𝑆𝐶 and 𝑉𝐷𝐸𝑆 are corre-
spondingly converter output and desired voltages, and 𝑉𝑑𝑐 is the DC-link capacitor volt-
age of the single submodule. The staircase voltage building may lead to capacitor-volt-
age unbalance because of using lower levels longer than higher levels [15]. To avoid 
energy unbalance in the submodules, individual submodule DC voltage balancing based 
on sorting algorithm is used which is described in next subchapter.   
For given STATCOM a hybrid modulation technique that is the combination of NLM and 
PWM, or namely Nearest Level PWM (NL-PWM) is applied. The operation principle of  
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the NL-PWM is same as NLM with the main exception that when voltage difference be-
tween the desired voltage 𝑉𝐷𝐸𝑆 and the converter output voltage 𝑉𝑉𝑆𝐶 expressed by: 
 𝑉𝑑𝑖𝑓𝑓 = 𝑉𝐷𝐸𝑆 − 𝑉𝑉𝑆𝐶                                                                                                             (50) 
at kth submodule is less than the capacitor voltage 𝑉𝑑𝑐, k
th submodule is used in PWM. 
As result, the output voltage 𝑉𝑉𝑆𝐶 becomes much closer to the sine wave. Figure 23 
depicts the desired voltage and resulting converter output voltage waveforms when NL-
PWM is applied.  
3.8.2 Individual submodule capacitor voltage balancing  
In previous calculations it was assumed that all capacitors are identical; hence, active 
power is equally shared among the submodules. However, small variations in capacitor 
characteristics will result in divergence of the DC-link voltages from their reference value. 
Hence, to keep capacitor voltages as close as possible to average value a control 
method to balance the capacitor energies is required. For this STATCOM voltage sorting 
strategy utilized to perform the individual submodule capacitor voltage balancing. 
The sorting algorithm updates the state of each submodule with some 𝑓𝑢𝑝𝑑 frequency 
and depending on active power flow direction sorts these submodules according to their 
capacitor voltage in ascending or descending order. For example, when STATCOM ab-
sorbs active power from the grid the submodules are sorted in ascending order so that 
 
Figure 23. Desired voltage and obtained converter output voltage waveforms 
with NL-PWM.   
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the most discharged submodules switched on first, and the submodules sorted in de-
scending order to discharge them first when STATCOM injects active power to the grid. 
By doing so, sorting control algorithm keeps the capacitor voltages close to the reference 
value without any extra control loop.  
Even though use of sorting algorithm with NL-PWM may cause the increase in the aver-
age switching frequency due to constant submodules’ state update and change of the 
submodule order, this method is very easy to implement and does not require separate 
control loop for each submodule.  
3.9 Double Decoupled SRF-PLL (DDSRF-PLL) 
Under ideal conditions which were assumed until now, the system voltage is stable and 
balanced. However, system voltage may be distorted by huge harmonic content and may 
be unbalanced due to i.e. fault. For STATCOM it is important to be able to track the 
positive sequence voltage magnitude and angle for reference frame transformation, syn-
chronization etc. Moreover, the separation of positive and negative sequences makes it 
possible to control the positive- and negative-sequence currents independently.  
Under unbalanced conditions SRF-PLL exhibits poor dynamics; hence, a method to be 
able accurately detect phase angle and extract positive and negative sequences is 
needed. This is possible using Double Decoupled SRF-PLL (DDSRF-PLL) [26]. DDSRF-
PLL is an improved variant of SRF-PLL that has a decoupling network possible to detect 
and separate the positive and negative sequences and can quickly perform fast and ac-
curate synchronization to positive sequence component under distorted and unbalanced 
system voltage conditions.  
Under unbalanced conditions the positive and negative components of the system volt-
age in stationary reference frame can be expressed as: 
𝒗𝑠 = [
𝑣𝛼
𝑣𝛽
] = 𝑣𝛼𝛽
+ + 𝑣𝛼𝛽
− = 𝑉+ [
cos(𝜔𝑡 + 𝜑+)
sin(𝜔𝑡 + 𝜑+)
] + 𝑉− [
cos(−𝜔𝑡 + 𝜑−)
sin(−𝜔𝑡 + 𝜑−)
]                         (51) 
where 𝑉+ and 𝑉− are the correspondingly magnitudes of the positive and negative se-
quence voltage vectors, 𝜔 is the fundamental synchronous frequency and 𝜑 is the initial 
angle. It is obvious from the equation (51) 𝑣𝛼𝛽
+  rotates counter clockwise direction with 
angular frequency 𝜔, and 𝑣𝛼𝛽
− , rotates clockwise direction with angular frequency 𝜔.  
Hence, in dq-domain the positive and negative sequence voltage components can be 
expressed as two rotating reference axes: 
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𝒗𝑑𝑞
+ = [
𝑣𝑑
+
𝑣𝑞
+] = [𝑇𝑑𝑞
+ ] [
𝑣𝛼
+
𝑣𝛽
+] = 𝑉
+ [
1
0
] + 𝑉− [
cos(−2𝜔𝑡)
sin(−2𝜔𝑡)
]
𝒗𝑑𝑞
− = [
𝑣𝑑
−
𝑣𝑞
−] = [𝑇𝑑𝑞
− ] [
𝑣𝛼
−
𝑣𝛽
−] = 𝑉+ [
cos(2𝜔𝑡)
sin(2𝜔𝑡)
] + 𝑉− [
1
0
]   
                                                   (52) 
where the transformation matrix T for an angle 𝜔𝑡 is: 
[𝑇𝑑𝑞
+ ] = [𝑇𝑑𝑞
− ]
𝑇
= [
cos (𝜔𝑡) sin (𝜔𝑡)
−sin (𝜔𝑡) cos (𝜔𝑡)
]                                                                                 (53) 
From equation (52) it is clear that positive and negative sequences are cross-coupled 
between each other in the dq-frame. This cross-coupling results in appearance of the 
positive sequence as AC component oscillating with 2𝜔 frequency in dq- and the negative 
sequence oscillates with −2𝜔 frequency in dq+. Therefore, a decoupling network is used 
to remove oscillating components and to extract the fundamental frequency positive and 
negative sequence voltage components as DC values.  
The combination of the SRF-PLL and decoupling network along with Low Pass Filter 
(LPF) is depicted in the Figure 24. The calculated value of the 𝑣𝑞
∗+ is fed as input to SRF-
PLL to synchronize the system to the positive sequence voltage and to detect the positive 
sequence voltage angle. The LPF is used to filter out quadruple frequency components 
that exist in decoupling network outputs and represents a simple low pass filter with 
bandwidth of 𝛼𝑓: 
 
Figure 24. Block diagram of DDSRF-PLL.   
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LPF(s) =
𝛼𝑓
𝑠+𝛼𝑓
                                                                                                                               (54) 
Thus, the transfer function of the measured positive and negative sequence components 
are: 
 
?̅?𝑑𝑞
∗+ = [
?̅?𝑑
∗+
?̅?𝑞
∗+] = [
𝛼𝑓
𝑠+𝛼𝑓
0
0
𝛼𝑓
𝑠+𝛼𝑓
] {[
𝑣𝑑
+
𝑣𝑞
+] − [
cos (2𝜔𝑡) sin (2𝜔𝑡)
−sin (2𝜔𝑡) cos (2𝜔𝑡)
] [
?̅?𝑑
∗−
?̅?𝑞
∗−]}
?̅?𝑑𝑞
∗− = [
?̅?𝑑
∗−
?̅?𝑞
∗−] = [
𝛼𝑓
𝑠+𝛼𝑓
0
0
𝛼𝑓
𝑠+𝛼𝑓
] {[
𝑣𝑑
−
𝑣𝑞
−] − [
cos (2𝜔𝑡) −sin (2𝜔𝑡)
sin (2𝜔𝑡) cos (2𝜔𝑡)
] [
?̅?𝑑
∗+
?̅?𝑞
∗+]}
                 (55) 
3.10  Zero Sequence Current Injection (ZSCI) under unbalanced 
conditions 
The operation of STATCOM in unbalanced grid conditions will cause the flow of the neg-
ative sequence current inside its branches. Since MMC STATCOM does not have a 
common DC capacitor, the flow of the negative sequence current will lead to unequal 
active power distribution among the phases. This unequal active power distribution will 
result in deviation of the DC-link capacitor voltages. Hence, to prevent the asymmetrical 
active power distribution in phases and to keep the DC capacitor voltage balance, a 
method to control the negative sequence current is required. For MMC STATCOM the 
strategy to balance the phase active power based on injection of zero sequence compo-
nent is used [21][27]. For delta connected configuration a method called Zero Sequence 
Current Injection (ZSCI) applied, which injects zero sequence current circulating inside 
delta branch to regulate the negative sequence current.  
For system given in Figure 15 if unbalanced grid conditions assumed the phasors of the 
STATCOM phase voltages and currents with zero-sequence current injection can be 
given as: 
?⃗⃗?𝑠𝑡𝑎𝑏 = ?̂?
+∠𝜃𝑣
+ + ?̂?−∠𝜃𝑣
−                                    
?⃗⃗?𝑠𝑡𝑏𝑐 = ?̂?
+∠(𝜃𝑣
+ −
2𝜋
3
) + ?̂?−∠(𝜃𝑣
− +
2𝜋
3
)          
?⃗⃗?𝑠𝑡𝑐𝑎 = ?̂?
+∠(𝜃𝑣
+ +
2𝜋
3
) + ?̂?−∠(𝜃𝑣
− −
2𝜋
3
)          
𝐼𝑎𝑏 = 𝐼
+∠𝛿𝑖
+ + 𝐼−∠𝛿𝑖
− + 𝐼0∠𝛼0                         
𝐼𝑏𝑐 = 𝐼
+∠(𝛿𝑖
+ −
2𝜋
3
) + 𝐼−∠(𝛿𝑖
− +
2𝜋
3
) + 𝐼0∠𝛼0
𝐼𝑐𝑎 = 𝐼
+∠(𝛿𝑖
+ +
2𝜋
3
) + 𝐼−∠(𝛿𝑖
− −
2𝜋
3
) + 𝐼0∠𝛼0
                                                                           (56) 
where ?̂?+ and ?̂?− are respectively rms magnitudes of the positive- and negative-se-
quence STATCOM voltage phasors, 𝐼+ and 𝐼− rms magnitudes of the positive- and 
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negative-sequence STATCOM current phasors and 𝐼0∠𝛼0 is the phasor of the zero 
current phasor circulating inside delta branches.  
Under normal conditions the zero-sequence components are equal to zero; however, by 
injecting zero-sequence current it is possible to control negative-sequence current. ZSCI 
method provides two degrees of freedom in terms of the injected zero current amplitude 
𝐼0 and angle 𝛼0. Hence, the purpose is to obtain the values of the zero-sequence such 
that it will remove the unequal active power distribution due to interaction of the between 
sequences.  The average active power in phases a and b for unbalanced case with zero-
sequence current injection expressed as: 
𝑃𝑎 = 𝑅𝑒(?⃗⃗?𝑠𝑡𝑎𝑏𝐼𝑎𝑏
∗ ) = ?̂?+𝐼+ cos(𝜃𝑣
+ − 𝛿𝑖
+) + ?̂?−𝐼− cos(𝜃𝑣
− − 𝛿𝑖
−) + ?̂?+𝐼− cos(𝜃𝑣
+ − 𝛿𝑖
−) +
?̂?−𝐼+ cos(𝜃𝑣
− − 𝛿𝑖
+) + ?̂?+𝐼0 cos(𝜃𝑣
+ − 𝛼0) + ?̂?
−𝐼0 cos(𝜃𝑣
− − 𝛼0)                    (57) 
𝑃𝑏 = 𝑅𝑒(?⃗⃗?𝑠𝑡𝑏𝑐𝐼𝑏𝑐
∗ ) = ?̂?+𝐼+ cos(𝜃𝑣
+ − 𝛿𝑖
+) + ?̂?−𝐼− cos(𝜃𝑣
− − 𝛿𝑖
−) + ?̂?+𝐼− cos (𝜃𝑣
+ − 𝛿𝑖
− −
4𝜋
3
) + ?̂?−𝐼+ cos (𝜃𝑣
− − 𝛿𝑖
+ +
4𝜋
3
) + ?̂?+𝐼0 cos (𝜃𝑣
+ − 𝛼0 −
2𝜋
3
) + ?̂?−𝐼0 cos(𝜃𝑣
− − 𝛼0 +
2𝜋
3
)                                                                                                                             
(58) 
the first two terms in equations (57) and (58) are the expressions for the positive and 
negative sequence active power which can be controlled by common DC-link voltage 
controller. The third and fourth terms in the equations (57) and (58) that consists of com-
bination of positive and negative-sequence components stand for active power, which 
lead to unequal active power distortion among the phases. The last two terms represent 
the active power generated by zero sequence current, which are used to eliminate the 
active power distortion caused by sequence interaction. Hence, if the items ?̂?+𝐼+ and 
?̂?−𝐼− omitted, then the equations (57) and (58) after some trigonometrical manipulations 
can be written as [27]: 
𝐼0𝑘1𝑐𝑜𝑠𝛼0 + 𝐼
0𝑘2𝑠𝑖𝑛𝛼0 = −𝑘3                              (59) 
𝐼0𝑘4𝑐𝑜𝑠𝛼0 + 𝐼
0𝑘5𝑠𝑖𝑛𝛼0 = −𝑘6                              (60) 
where  
𝑘1 = ?̂?
+ cos𝜃𝑣
+ + ?̂?− cos 𝜃𝑣
−                              (61) 
𝑘2 = ?̂?
+ sin𝜃𝑣
+ + ?̂?− sin𝜃𝑣
−                               (62) 
𝑘3 = ?̂?
+𝐼− cos(𝜃𝑣
+ − 𝛿𝑖
−) + ?̂?−𝐼+ cos(𝜃𝑣
− − 𝛿𝑖
+)                (63) 
𝑘4 = ?̂?
+ cos(𝜃𝑣
+ −
2𝜋
3
) + ?̂?− cos(𝜃𝑣
− +
2𝜋
3
)                                                    (64) 
𝑘5 = ?̂?
+ sin(𝜃𝑣
+ −
2𝜋
3
) + ?̂?− sin(𝜃𝑣
− +
2𝜋
3
)                                                 (65) 
𝑘6 = ?̂?
+𝐼− cos (𝜃𝑣
+ − 𝛿𝑖
− −
4𝜋
3
) + ?̂?−𝐼+ cos (𝜃𝑣
− − 𝛿𝑖
+ +
4𝜋
3
)         (66) 
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Thus, by solving the equations (59) and (60) the phase angle and amplitude of the re-
quired zero-sequence current obtained as: 
𝛼0 = tan
−1(
𝑘1𝑘6−𝑘3𝑘4
𝑘3𝑘5−𝑘2𝑘6
)                                         (67) 
𝐼0 = 
−𝑘3
𝑘1𝑐𝑜𝑠𝛼0+𝑘2𝑠𝑖𝑛𝛼0
=
−𝑘6
𝑘4𝑐𝑜𝑠𝛼0+𝑘5𝑠𝑖𝑛𝛼0
                                         (68) 
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4. MMC STATCOM OPERATION IN WEAK GRID 
4.1 Introduction 
Power system’s ability to maintain its voltage during disturbance (i.e. fault or fluctuation 
in supply or demand) is determined by system strength. The system strength is usually 
expressed by the short circuit capacity, the maximum amount of the current a grid can 
provide at a given point when three-phase to ground fault happens. Short circuit capacity 
measured in MVA and is a product of fault current with the pre-fault voltage [28]. Short 
circuit capacity of the system is inversely proportional to the Thevenin equivalent imped-
ance and for any given bus 𝑖 can be calculated as: 
𝑆𝑆𝐶,𝑖 = 
𝑉𝑖
2
𝑍𝑡ℎ,𝑖
                                                                     (68) 
where 𝑆𝑆𝐶,𝑖 is short circuit capacity, 𝑉𝑖 is the voltage and  𝑍𝑡ℎ,𝑖 is the equivalent Thevenin 
impedance at bus i respectively. Sometimes grid strength is quantified as Short Circuit 
Ratio (SRC), the ratio of the available short circuit power at the particular bus to the 
power rating of the interconnecting equipment (i.e. generator, load, FACTS or HVDC 
converters). 
Depending on strength grids are classified as strong or “stiff” and weak grid. Strong grid 
is a type of grid with many synchronous machines that provide high short circuit capacity. 
This means if fault happens at any bus in strong grid, it is capable to maintain the voltage 
at other buses within its limits. Weak grid on the other hand has low short circuit capacity 
and can be modelled as connection to the source via high impedance. Grid with 𝑆𝐶𝑅 < 3 
considered to be weak and grids 𝑆𝐶𝑅 < 2 are very weak grids [29].  
Most of the power electronic equipment does not contribute to system strength as much 
as synchronous generation [30]. Therefore, high penetration of power electronic devices 
with no increase or decrease in synchronous generation decreases the system strength 
thus brings the challenge to the system [30]. In case of weak grid this challenge ex-
pressed in terms of voltage transients and variations, voltage stability and system stabil-
ity. Overall the challenges of the VSC operation in weak grid can be divided into two 
categories:  
• Deterioration of the weak grid stability due to VSC operation. The voltage stability 
impaired due to high ⅆ𝑉/ⅆ𝑄 sensitivity of the weak grid, integration of power elec-
tronic equipment with fast dynamic response to voltage change may lead to un-
38 
 
 
damped voltage oscillations. Due to limited power transfer capabilities the power 
exchange between grid and VSC is also limited [31][32][33].  
• Negative impact of the weak grid on the VSC performance. The interaction of the 
high grid impedance with the inner control dynamics of the degrades the stability 
of the VSC. VSC designed to operate in strong grid has very good performance 
and its outer loop controllers keep excellent tracking of the power and voltage 
references. However, in weak grids with the initial gains outer loop controllers 
become faster than inner loop controller which lead to instability. Another major 
issue is the performance of the SRF-PLL in the weak grid that brings poor syn-
chronization which will be explained in more details in the next subchapter. PLL 
dynamics influence the performance of the current controllers [34] and DC link 
controller [35]. 
4.2 PLL Self-synchronization in weak grid 
VSC proper waveform generation relies on the grid, hence, synchronization is important 
for stable operation. SRF-PLL explained in the previous chapters provides very robust 
synchronization to the grid voltages when operated in strong grids. However, under weak 
grid conditions the dynamics of the SRF-PLL are impaired which impacts the control 
system stability. Interaction of the PLL with the high grid impedance lead to self-synchro-
nization of the PLL [36][37].  
Figure 25 depicts single line diagram of the VSC utilizing PLL operating in the weak grid. 
Weak grid is represented by its Thevenin equivalent model where ideal voltage source 
𝑽𝒈 is connected in series with high grid impedance 𝑍𝑔. Due to complex dynamics the 
terminal voltage 𝑉𝑡 consists of two components: 
𝑽𝑡 = 𝑽𝑔 + 𝑅𝑔𝑰𝑐 + 𝐿𝑔
𝑑𝑰𝑐
𝑑(𝜔0𝑡)
                                              (69) 
where 𝑅𝑔 and 𝐿𝑔are respectively grid resistance and inductance, 𝑰𝑐 is converter output 
current and 𝜔0is the angular speed of the grid. In the weak grid as it can be observed 
from this equation the terminal voltage is highly influenced by the converter output cur-
rent. 
The output current dynamics determined by the current references controlled by current 
controller and PLL. Since the bandwidth of the current controller is higher than PLL’s 
bandwidth, current controller dynamics can be neglected. Therefore, converter output 
current in the stationary reference frame can be expressed as: 
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𝑰𝑐 = (𝑖𝑐𝑑
∗ + 𝑗𝑖𝑐𝑞
∗ )𝑒𝑗𝜃𝑝𝑙𝑙                                                    (70) 
where 𝜃𝑝𝑙𝑙 is the PLL measured angle. Based on (70) converter can be modelled as the 
constant current source with the output current affected by the PLL dynamics.  
By combining equations (69) and (70) the terminal voltage can be expressed as: 
𝑽𝑡 = 𝑉𝑔 + (𝑅𝑔 +  𝑗
𝜔𝑝𝑙𝑙
𝜔0
𝑋𝑔)𝐼𝑐                                             (71) 
where 𝜔𝑝𝑙𝑙 is the instantaneous rotational speed of PLL.  
Due to high grid impedance current injected by converter will introduce “self-synchroni-
zation” loop to the PLL synchronization process as it can be observed from the Figure 
26. From the Figure 26 it is obvious that PLL measured angle 𝜃𝑝𝑙𝑙 is dependent on the 
sensed q component of the terminal voltage in the PLL reference frame 𝑉𝑡𝑞
𝑐 . By use of 
the inverse Park’s transformation 𝑉𝑡𝑞
𝑐  can be expressed as: 
𝑉𝑡𝑞
𝑐 =  𝐼𝑚𝑎𝑔(𝑉𝑡𝑒
−𝑗𝜃𝑝𝑙𝑙)                                (72) 
The equation (71) in stationary reference frame can be written as: 
𝑉𝑡 = 𝑉𝑔𝑒
𝑗𝜃𝑔 + (𝑅𝑔 +  𝑗
𝜔𝑝𝑙𝑙
𝜔0
𝑋𝑔)(𝑖𝑐𝑑
∗ + 𝑗𝑖𝑐𝑞
∗ )𝑒𝑗𝜃𝑝𝑙𝑙                                          (73) 
Combination of (72) and (73) will give the following: 
𝑉𝑡𝑞
𝑐 = 𝑋𝑔𝑖𝑐𝑑
∗ 𝜔𝑝𝑙𝑙
𝜔0
+ 𝑅𝑔𝑖𝑐𝑞
∗ + 𝑉𝑔 sin(𝜃𝑔 − 𝜃𝑝𝑙𝑙)                            (74) 
As it is seen from the equation (74) converter sensed q-component of the terminal volt-
age 𝑉𝑡𝑞
𝑐  is influenced by grid impedance and converter output current. Sensed q-compo-
nent in equation (74) is not same as in equation (45) thus linearization as in equation 
 
Figure 25. Equivalent model of VSC connected to weak grid. Adapted from [37]. 
 
40 
 
 
(46) does not hold anymore. Therefore, it can be concluded that PLL measured angle is 
influenced by the converter output current. Consequently, during VSC operation in the 
weak grid due to interaction with the grid impedance converter loses the synchronization 
with the grid. To reduce the negative effects of the high grid impedance and to remove 
the self-synchronization effect of the PLL some methods are proposed. The reduction of 
the PLL bandwidth makes PLL slower; hence, its performance is less prone to large 
angle changes [32]. Another method that is proposed is to measure the grid impedance 
and compensation of this measured grid impedance removes the effect of the self-syn-
chronization loop and provides synchronization to stronger point of the grid [38][39][40]. 
Finally, a method based on current error compensation for the PLL and voltage meas-
urements for VSC operating in the grid conditions is suggested in [41]. 
Equation (74) shows that exchange of active power between grid and converter leads 
towards the self-synchronization. However, in case of STATCOM there is only reactive 
power exchange between the grid and converter. Since 𝑅𝑔 is usually small compared to 
𝑋𝑔 hence it can be neglected, equation (74) can be simplified as: 
𝑉𝑡𝑞
𝑐 ≈ 𝑉𝑔 sin(𝜃𝑔 − 𝜃𝑝𝑙𝑙)                               (75) 
Based on the equation (75) it can be concluded that STATCOM operation in the weak 
grid should not cause any PLL self-synchronization issues. Therefore, during operation 
in weak grid the PLL should not erode the control performance of the STATCOM. To 
prove this and explore any other factors that affect the STATCOM operation in the weak 
grid, STATCOM model will be simulated in weak grid conditions in the Matlab/Simulink 
environment. Next subchapter will present simulation model and model parameters.  
 
 
Figure 26. SRF-PLL synchronization process in weak grid.   
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4.3 STATCOM weak grid simulation model 
To investigate the operating limits and the control system behavior of the STATCOM in 
the weak grid conditions the model implemented in the MATLAB/Simulink environment 
was simulated. Since the purpose of the simulations was to test the control system of 
the STATCOM in the weak grid conditions Thevenin equivalent network model was used.  
Thevenin equivalent model consists of ideal voltage source and equivalent impedance 
which can be changed to vary Short Circuit Level (SCL). Single line diagram of the given 
system is depicted in the Figure 27 and the circuit parameters are provided in Table 1. 
MMC STATCOM with rating of 100 MVA and consisting of delta connected 40 submod-
ules connected to weak grid via step-down transformer. A passive High Frequency (HF) 
filter with 7.7 MVA rated power to filter out 11th harmonic is connected to medium voltage 
side. Since simulated grid cases were weak and very weak, HF filter rating had very 
great impact on the PCC voltage magnitude. Hence, for simulations depending on the 
SCL, the grid source voltage was adjusted so that PCC voltage was equal to 1.0 𝑝𝑢. The 
adjusted source voltage values are given in the Table 2.  
Since the purpose of the simulations was to study the effects of the weak grid on the 
STATCOM control performance, initially for SCLs given in the Table 2 STATCOM oper-
ating as constant current source was performed. STATCOM operating limits and factors 
limiting stable operation in the weak grid were identified. A possible solution for given 
issues was provided. Next STATCOM for the same SCLs was simulated in voltage reg-
ulation mode. Likewise, the limiting factors were identified, and solution was proposed. 
Finally, STATCOM response and control system performance during the faults were sim-
ulated. Chapter 5 presents the simulation results. 
 
Figure 27. Single line diagram of the simulated model.   
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Table 1. Simulated grid and STATCOM parameters. 
Parameter Value 
Grid  
 Voltage, line-to-line 400 kV (rms) 
 Frequency 
 
50 Hz 
 X/R ratio 14 
Transformer 
 Rating 225 MVA 
 Secondary side voltage 32 kV (rms) 
 Configuration YNd11 
 Leakage reactance 0.0925 pu 
HF Filter 
 Rating 7.7 MVAr 
 Tuned frequency 550 Hz 
STATCOM 
 Rating 100 MVA 
 Number of submodules 40 
 
 
Table 2. Normalized source voltage corresponding to each simulated SCL. 
 
 
 
 
 
 
 
 
 SCL (MVA) 400 350 300 250 200 150 100 75 50 35 
Source Voltage 
(pu) 
 
0.982 0.979 0.976 0.972 0.965 0.953 0.929 0.9055 0.858 0.797 
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5. SIMULATION RESULTS 
5.1 Introduction 
This chapter provides simulation results of the STATCOM model presented in Chapter 
4 operating in the weak and very weak grid conditions. The simulation consists of 3 parts; 
1) STATCOM constant current operation mode, 2) STATCOM operation in voltage reg-
ulation mode and 3) STATCOM operation performance during faults.  
In the initial case STATCOM was simulated in constant current mode and the operation 
limits for capacitive and inductive mode were obtained. The effect of the weak grid on 
STATCOM stability was studied and solution to enhance the operation limits were sug-
gested. In the same way factors that restrict the STATCOM operation in voltage regula-
tion mode were investigated. It was found out that HF filter has significant impact on the 
STATCOM operation and at some SCLs resonance happens. Finally, STATCOM control 
system’s behavior during symmetrical and asymmetrical faults in weak grid conditions 
was explored.  
5.2 STATCOM operation as constant current source 
In this case the purpose was to study the stability of the STATCOM operating as a con-
stant current source in weak and very weak grid conditions, to obtain the factors that limit 
the STATCOM operation in weak grid and to identify possible solution for these issues. 
In the constant current mode voltage controller of the STATCOM is switched off and 
there is no feedback to regulate the grid voltage. Therefore, in this mode of operation 
STATCOM will supply the amount of reactive power that is manually pre-set irrespective 
of the grid voltage magnitude. Constant current mode simulations consist of two parts; 
STATCOM operation as 1) a constant capacitive current source and 2) a constant induc-
tive current source.  
5.2.1 Constant capacitive current mode  
In the given case STATCOM was simulated as constant current source for each of the 
SCL given in the Table 2. For each of these SCLs Figure 28 depicts the maximum 
amount of the capacitive current STATCOM is capable to supply to the grid without caus-
ing any stability issues. As it can be observed from the given figure for grids with SCL 
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lower than 300 MVA STATCOM is not capable to supply full rated current to the grid. 
Also, the lowest SCL STATCOM capable to operate without any stability issues was 
found to be 20 MVA. For SCL below 20 MVA the initial connection of the STATCOM to 
the grid and charge of the capacitors results in synchronization loss and overall system 
instability. DDSRF-PLL measurements for SCL = 15 MVA of the grid voltage dq-compo-
nents and instantaneous HV voltage waveforms are depicted in the Figure 29. As it can 
be observed from these waveforms when the STATCOM is initially connected at time 
𝑡 = 0.2 𝑠𝑒𝑐 the overall system becomes unstable and the grid voltage becomes distorted. 
 
Figure 28. Maximum capacitive current STATCOM capable to supply versus grid 
strength.   
 
Figure 29. Estimated positive and negative sequence components of the grid 
voltage and HV side line-to-line voltage waveforms for SCL = 15 MVA.   
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 Simulations showed that for SCLs below 300 MVA STATCOM is not capable to supply 
fully rated power to the system. If the supplied current was above the limit mentioned in 
Figure 28, the harmonic content would appear in the grid voltage and the voltage wave-
form becomes distorted. To demonstrate the effect of the high capacitive current on the 
voltage waveforms, a case when STATCOM provides 0.85 𝑝𝑢 capacitive current to the 
grid with strength of 200 MVA was simulated. Figure 30 illustrates the estimated funda-
mental frequency positive and negative sequence components of the grid voltage and 
grid voltage waveforms. From these waveforms it is obvious that high current supplied 
by STATCOM during 0.2 𝑠𝑒𝑐 ≤ 𝑡 ≤ 0.45 𝑠𝑒𝑐 time interval causes the grid voltage distor-
tion. 
During the simulations it was noticed that in capacitive mode grid voltages start to deviate 
from the ideal sinusoidal whenever the magnitude of the grid voltage at PCC exceeds 
1.352 𝑝𝑢. The explanation behind this issue is the DC link capacitor voltage available 
which is limited by the amount of the available submodules. When the STATCOM oper-
ates in the weak grid and supplies high amount of the reactive power PCC voltage rises 
significantly. Since the output voltage of the converter is created from the DC link capac-
itor voltage and simply can be expressed as: 
𝑉𝑐 = 𝑚𝑉𝐷𝐶𝑟𝑒𝑓                                              (76) 
where 𝑉𝑐 is converter output voltage, 𝑚 is modulation index and 𝑉𝐷𝐶𝑟𝑒𝑓 is the charged 
capacitor voltage level which in our case is equal to 1.352 𝑝𝑢. Hence, for grid voltage 
rise above 1.352 𝑝𝑢 value, STATCOM is not capable to generate sinusoidal waveforms 
 
Figure 30. Estimated positive and negative sequence components of the grid 
voltage and HV side line-to-line voltage waveforms for 0.85 pu capacitive cur-
rent supply in 200 MVA grid. 
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and as result it generates distorted waveforms consequently supplying harmonics to the 
grid as it is depicted in Figure 30.  
Figure 31 shows DC link voltage level, STATCOM modulator created reference voltage 
waveforms 𝑉𝑟𝑒𝑓and the resulting converter output voltages. As it can be observed from 
the figure during the STATCOM operation modulator generated voltage 𝑉𝑟𝑒𝑓 exceeds the 
DC link voltage level. However, STATCOM does not have enough DC link voltage to 
create the output voltage with the correct peak value. Thus, STATCOM cannot generate 
sinusoidal voltage waveforms and this results in harmonic injection to the system. 
In the next simulation case the DC link voltage was increased to 1.5 𝑝𝑢 and STATCOM 
was simulated in very weak grid with SCL equal to 150 MVA and STATCOM supplied 
0.6 𝑝𝑢 capacitive current to the grid  0.2 𝑠𝑒𝑐 ≤ 𝑡 ≤ 0.45 𝑠𝑒𝑐 time interval. With the original 
parameters the maximum amount of current STATCOM is capable to supply to the grid 
with this strength is equal to 0.53 𝑝𝑢 as it can be checked from the Figure 28. Figure 32 
depicts the DC link voltage level, modulator generated 𝑉𝑟𝑒𝑓 reference voltages and grid 
voltages for case with higher DC link voltage reference. Since there is enough DC volt-
age available, modulator generated voltage references does not exceed it. Conse-
quently, STATCOM is capable to supply higher current without any grid voltage distortion 
as it can be observed from Figure 32. Therefore, DC link voltage level plays critical in 
the capacitive mode operation and for proper operation STATCOM must avoid the rising 
of the PCC voltage above this level.  
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Figure 31. DC link voltage, modulator reference voltages and corresponding 
VSC output voltages for 0.85 pu capacitive current supply in 200 MVA grid. 
 
 
 
Figure 32. DC link voltage, modulator reference voltages and HV line-to-line volt-
ages for STATCOM supplying 0.6 pu capacitive current in 150 MVA grid,    
Vdc = 1.5 pu.   
However, high voltage rise due capacitive current supply should not be an issue for the 
STATCOM as its task is to maintain the system voltage typically in range of 0.9 𝑝𝑢 ≤
𝑉𝑝𝑐𝑐 ≤ 1.1 𝑝𝑢. Thus, in case of large voltage drop, STATCOM is capable to supply full 
rated power to the grid to bring voltage back to the safe operation range.  
A case when large voltage dip occurs in grid with 200 MVA SCL was simulated, to show 
that STATCOM without any DC link voltage modifications is capable to supply full rated 
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power to the grid. In the given case the system voltage during  0.15 𝑠𝑒𝑐 ≤ 𝑡 ≤ 0.45 𝑠𝑒𝑐 
time interval drops to 0.75 pu and STATCOM is switched on during 0.2 𝑠𝑒𝑐 ≤ 𝑡 ≤ 0.45 𝑠𝑒𝑐 
time interval and supplies full rated capacitive current to the grid. Figure 33 shows the 
resulting grid line-to-line voltage and line current waveforms. As it is depicted in this fig-
ure, the grid voltage drops at time 𝑡 = 0.15 𝑠𝑒𝑐 to 0.75 value and during 0.2 𝑠𝑒𝑐 ≤ 𝑡 ≤
0.4 𝑠𝑒𝑐 time interval STATCOM supplies full rated power. Since the STATCOM is oper-
ated in the constant current mode there is no feedback to control the voltage. Conse-
quently, high initial current supply at 𝑡 = 0.2 𝑠𝑒𝑐 creates voltage distortion and some time 
is required for transient to disappear and grid voltages to settle. 
Figure 34 depicts the estimated voltage dq components and frequency measurements, 
DC link voltages and current references generated by the current controller. Measured 
grid voltage dq-components show that after transient the grid voltage settles at 1.24 𝑝𝑢 
value. DC link controller operates normally as it can be observed from DC link voltage 
waveforms. When the STATCOM starts to supply current, the current quadrature refer-
ence 𝐼𝑞_𝑟𝑒𝑓 as it can be observed from the current reference graph in Figure 34 is limited 
and as a result this limitation causes some distortion in the grid voltage waveforms. This 
limitation is caused by high zero sequence 𝐼0current requirement by STATCOM to bal-
ance its branches due to initial voltage disturbance. To limit total STATCOM current sup-
ply below 1 𝑝𝑢, the required I0 is subtracted from the Iq_ref. Once the STATCOM phase 
branches are balanced, which happens at time at 𝑡 ≈ 0.28 𝑠𝑒𝑐, the full rated current is 
supplied to the grid and grid voltages stabilize at 1.24 𝑝𝑢 value as depicted in Figure 33 
and Figure 34. 
 
Figure 33. HV side line-to-line voltage and line current waveforms for STATCOM 
supplying 1 pu capacitive current to 200 MVA grid. 
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Hence, based on the previous simulations it is possible to conclude that STATCOM is 
capable to supply full rated reactive power to weak and very weak grids without any 
issues to the system stability as long as the grid voltage does not exceed DC link voltage 
level. Therefore, in case of fault in weak grid STATCOM is capable to support the system 
with injecting reactive power.  
Another aspect that needs to be considered during weak grid operation is the impact of 
the passive HF filter to the PCC voltage level and voltage transients during initial current 
injection by STATCOM. With the decrease of the grid strength the voltage rise due to HF 
filter reactive power contribution increases significantly. A case to show the impact of the 
HF filter on the PCC voltage in very weak grid when source voltage is not normalized 
and equal to 𝑉𝑠 =  1.0 𝑝𝑢 was simulated. In this case STATCOM operates in 100 MVA 
grid and supplies 0.1 𝑝𝑢 current and Figure 35 illustrates the estimated dq-components 
of the grid voltage and grid voltage waveforms. When STATCOM was in idle mode the 
voltage at PCC due to relatively high reactive power supply by HF filter rises to 𝑉𝑃𝐶𝐶  =
 1.08 𝑝𝑢 and further rises when STATCOM starts to supply current to unstable levelsfrom 
control point of view. Moreover, as it can be observed from the given waveforms time 
required for transient to disappear when STATCOM starts and stops to supply reactive 
power is more. Also, the grid voltage distortion during these transients is higher and for 
lower SCLs it gets more severe. 
Figure 36 shows measurements of positive sequence d component of the grid voltage 
for two cases when the STATCOM was supplying 0.1 𝑝𝑢 and 0.15 𝑝𝑢 capacitive current 
to the 75 MVA grid. As it can be observed from these measurements the time required  
 
Figure 34. DDSRF-PLL voltage and frequency measurements, DC link voltages 
and generated current references for STATCOM supplying 1 pu capacitive 
current to 200 MVA grid. 
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to clear out the transient is getting greater and higher current injection causes more har-
monic content to appear and consequently higher amplitude of the transient. 
5.2.2 Constant inductive current mode  
In the given case STATCOM was simulated as constant inductive current sink to obtain 
the maximum amount of the inductive power STATCOM is capable to absorb from the 
without losing stability. STATCOM was simulated for the same SCLs given in Table 2 
and Figure 37 shows the STATCOM stable operating limits corresponding for each SCL.  
 
Figure 35. DDSRF-PLL measurements and HV side line-to-line voltage wave-
forms for STATCOM supplying 0.1 pu capacitive current in 100 MVA grid, 
Vs= 1.0 pu. 
 
Figure 36. Vd measurements for STATCOM supplying 0.1 pu and 0.15 pu capac-
itive current to 75 MVA grid. 
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During the simulations it was observed that in inductive mode STATCOM tends to supply 
harmonics to the system which are reflected as periodic oscillations in the estimated dq 
components of the grid voltage. The frequency of these oscillations changes depending 
on the SCL of the grid. STATCOM was simulated in five grids with different strength and 
Table 3 shows the measured ripple frequency in the detected positive and negative se-
quence components of the grid voltage. From the table is it obvious that with the grid 
strength decrease, the oscillation frequency decreases as well. Figure 38 illustrates the 
estimated positive sequence d-component of the grid voltage for these grids and as it 
can be observed from these waveforms the amplitude of these increases with the de-
crease of the SCL. Moreover, the amplitude of the oscillations also increases with the 
increase of the supplied current magnitude and, consequently, the time required to settle 
down is higher. Two cases with STATCOM absorbing 0.25 𝑝𝑢 and 0.35 𝑝𝑢 inductive cur-
rent from the 150 MVA grid were simulated to show the increase of the ripple amplitude. 
Measured positive and negative sequence dq-components of the grid voltage and grid 
voltage phase ab waveforms are depicted in Figure 39. From these waveforms it is ob-
vious that in case of 0.35 𝑝𝑢 current absorption ripple amplitude is higher and voltage 
waveforms are more distorted and, consequently in this case more time required for 
voltages to settle. 
Also, during inductive mode of operation, it was observed that at some SCLs resonance 
happens and as a result STATCOM becomes unstable at lower current values. As it can 
be observed from Figure 37 resonance happens at 50 MVA and 100 MVA SCLs. Detailed 
information about resonance nature will be provided in subchapter 5.3.   
 
Figure 37. Maximum inductive current STATCOM capable to absorb versus grid 
strength.   
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Table 3. Ripple frequency measured for inductive mode operating STATCOM in five 
different SCL. 
SCL (MVA) Current Reference 
Value (pu) 
Ripple Frequency 
(Hz) 
300 - 1.00 210 
250 
 
- 0.65 171 
200 - 0.40 165 
150 - 0.35 130 
100 - 0.10 112.5 
 
Figure 38.  Estimated grid voltage d-component for STATCOM operating in five 
different grids. 
 
Figure 39.   DDSRF-PLL measurements and HV side voltage waveforms for 
STATCOM absorbing 0.25 pu and 0.35 pu inductive current in 150 MVA grid. 
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Figure 40. DDSRF-PLL measurements and HV side phase ab voltage wave-
forms for STATCOM absorbing 0.5 pu and 0.3 pu inductive current in 200 
MVA grid. 
If the current reference value is set above the stability limit, STATCOM operation causes 
the system to lose synchronization. This opposes the capacitive mode case where op-
eration above limits does not cause synchronization issues. To elaborate the effect of 
the STATCOM’s high inductive current absorption on the grid, two cases were run in 200 
MVA grid. In these simulations inductive current reference values were set to 𝐼𝑞 =
 0.5 𝑝𝑢 and 𝐼𝑞 =  0.3 𝑝𝑢 which consequently are the values above and below operation 
limit for this SCL (as it can be observed from Figure 37). Figure 40 depicts the resulting 
grid voltage’s positive and negative sequence dq-components and grid voltage wave-
forms. As it can be observed from the DDSRF-PLL measurements for case when the 
STATCOM current reference values is set above the limit, system becomes unstable 
and becomes stable once STATCOM stops current supply at time at 𝑡 = 0.45 𝑠𝑒𝑐. In both 
cases ripple exists in the measured grid voltages; however, for 𝐼𝑞 =  0.3 𝑝𝑢 case this 
ripple is small and after some time disappears whereas for 𝐼𝑞 =  0.5 𝑝𝑢 case the initial 
amplitude of the ripple is higher and increases with the time. Moreover, after time  𝑡 ≈
0.35 𝑠𝑒𝑐 the STATCOM completely losses the synchronization with the grid voltage as it 
can be seen from the DDSRF-PLL measurements. Harmonic content in the grid voltage 
in unstable case increases throughout the STATCOM operation. STATCOM is capable 
to restore synchronization only after it stops to absorb inductive current.  
The loss of synchronization that leads to the system instability is caused by the fast PLL 
operation, which due to high ⅆ𝑉 ⅆ𝑄⁄  sensitivity of the weak grid results in high error in 
the detected angle. Figure 41 shows PLL sensed angles and STATCOM modulator gen-
erated Vref voltage reference waveforms. As it can be observed from these waveforms 
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when the current reference value is set below operational limit value, the error in the 
detected angle is small and, as a result, the reference voltage Vref does not exhibit high 
amount of harmonic content and after couple of cycles the error is cleared out and refer-
ence voltage waveform becomes pure sinusoidal. However, when the current reference 
value exceeds the maximum stability limit, initial error in the detected angle is high which 
in return cause harmonics injection to the system by STATCOM distorting the grid volt-
age waveforms. Distorted grid voltages result in further increase of the error in the de-
tected angle by PLL, causing avalanche effect on the reference voltage Vref waveforms 
making them even more distorted until synchronization is completely lost.  
Since the synchronization loss happens due to fast PLL operation, gains of the PLL were 
reduced as it was suggested [32]. To investigate the impact of the slower PLL on the 
system stability STATCOM was simulated in a grid with 200 MVA and the current refer-
ence value was set 𝐼𝑞 = 0.5 𝑝𝑢, a value which cause unstable operation with the original 
PLL. Figure 42 presents the resulting estimated positive and negative sequence dq com-
ponents of the grid voltage and HV side line-to-line voltage waveforms. From these 
waveforms it is obvious that PLL modification makes the system operation more stable 
for previously unstable current reference value. As it can be observed from the DDSRF-
PLL measurements during 0.2 𝑠𝑒𝑐 ≤ 𝑡 ≤ 0.4 𝑠𝑒𝑐 time interval the voltage drops to 0.75 
pu, the ripple disappeared and the STATCOM synchronized to the grid without any is-
sues which can be observed from the grid voltage waveforms as well. Therefore, it can 
be concluded that PLL parameters do influence the STATCOM synchronization in weak 
grid operation. 
 
Figure 41.  PLL detected grid angles and modulator generated Vref waveforms for 
STATCOM absorbing 0.5 pu and 0.3 pu inductive current in 200 MVA grid. 
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Figure 42. DDSRF-PLL measurements and grid voltage waveforms for STAT-
COM with modified PLL absorbing 0.5 pu inductive current in 200 MVA grid. 
However, even though PLL modification improves the STATCOM synchronization per-
formance, the PLL modification has dramatic effect on the DC link voltage controller. 
Figure 43 illustrates DC side voltage waveforms and current reference values generated 
by STATCOM. During normal operation conditions of the STATCOM with the original 
parameters there is no active power exchange between the grid and STATCOM, except 
for very small amount of the active power consumed to compensate the losses which is 
equal to 𝐼𝑑  =  0.002 𝑝𝑢 as it can be observed from the Figure 34. However, with the 
modified PLL as it can be observed from the DC link voltage waveforms in the Figure 43, 
during the STATCOM operation interval DC link voltages deviates from their reference 
value and stabilize at lower level. Since the error between the Vdc_ref and Vdc_feedback is 
high, STATCOM is generating the Id_ref equal to 0.043 pu a value that is 21 times greater 
the nominal value. Based on this it can be concluded that STATCOM is absorbing more 
active power than it is capable to dissipate. Since given STATCOM does not have any 
energy storage connected on DC side this is not correct.  
Based on the waveforms it is obvious that DC voltage controller does not operate 
properly and active power is dissipated somewhere. The reason standing behind DC 
voltage controller’s improper operation may be that the overall plant transfer function 
changes due to PLL parameters modification. When PLL parameters changed the trans-
fer function also changed. Since the PLL transfer function is the part of the plant transfer 
function of the DC voltage control process, any modification will result in the new plant 
transfer function for which the controller parameters designed with original PLL parame-
ters may not have enough phase margin, gain margin etc. Hence, the PLL parameters 
modification means the retuning or even re-design of the DC voltage controller. 
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In the next simulation the DC link voltage controller parameters were retuned, and the 
proportional gain of the controller was increased to twice the original value. Figure 44 
shows the resulting DC link voltage waveforms and the current reference values gener-
ated by the controllers. It was possible to decrease the amount of the absorbed active 
current almost twice; however, the resulting value still greater than initial value. Further 
increase of the gain will result the higher DC link voltage level and consequently the 
current will be negative which means the STATCOM is supplying the active power to the 
grid which should not happen. This means that DC link controller should be modified to 
be able to operate normally with the modified PLL parameters. 
In order to achieve ordinary active current reference value, DC link voltage controller was 
modified. Modification consists of the integral controller addition and tuning the parame-
ters. STATCOM was again simulated in 200 MVA grid absorbing 0.5 pu inductive current 
from the grid. The resulting DC link voltage waveforms and generated current reference 
values for modified DC link voltage controller are shown in the Figure 45 and these re-
sults are very close to the normal operation results. The DC link voltages are very close 
to the reference level and generated active current reference value Id_ref = 0.005 pu is 
low, which can be brought to 0.002 pu with further tuning of the proportional gain. The 
settling time during step changes takes a bit longer time but this could be improved by 
better controller tuning. 
 
Figure 43. DC link voltages and generated current references for STATCOM with 
modified PLL absorbing 0.5 pu inductive current in 200 MVA grid. 
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However, when the STATCOM with modified PLL and DC link voltage controllers is run 
in 150 MVA grid and absorbs 0.4 𝑝𝑢 reactive power from the grid the DC link voltages 
did not stabilized around the reference value as it supposed to. Figure 46 shows the 
resulting grid voltage, DDSRF-PLL measurements, DC link voltage waveforms and the 
generated current reference values. As it can be observed from these waveforms the 
PLL modification same as in 200 MVA case improved the grid voltage waveforms and 
removed the ripple. However, the DC link voltage controller malfunctions here and the 
 
Figure 44.  DC link voltages and generated current references for STATCOM 
with modified PLL and retuned DC link voltage controller absorbing 0.5 pu in-
ductive current in 200 MVA grid. 
 
Figure 45. DC link voltages and generated current references for STATCOM with 
modified PLL and DC link voltage controller absorbing 0.5 pu inductive 
current in 200 MVA grid. 
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resulting active current reference value is negative meaning the active power supply to 
the grid by the STATCOM. Therefore, the DC link controller parameters should be mod-
ified for given SCL. It can be concluded that the interaction of the PLL, DC link controller 
and grid strength is more complex, and it should be further elaborated to design better 
DC link voltage controller.  
However, for STATCOM the main task is not decreasing the grid voltage to very low 
levels but is just the opposite keeping it around 1.0 𝑝𝑢. Hence, proposed modification for 
the inductive mode of operation might not be needed since the factors that affect STAT-
COM operation in constant current mode may not appear in voltage regulation mode.  
5.2.3 Constant current mode summary 
STATCOM was simulated in the weak grid conditions in the constant current control 
mode to investigate the factors affecting the normal operation. STATCOM was run as 
current source supplying or absorbing the reactive current. The minimum SCL where the 
STATCOM with reduced output current can operate and capable to supply limited 
amount of the reactive was found out to be 20 MVA. 
In capacitive mode the main limiting factor for the normal STATCOM operation was the 
DC link voltage level, where high amount of the reactive power flow to the grid causes 
voltage rise above this DC link voltage which in turn generates harmonics due to dis-
torted reference voltage generation by the STATCOM. In inductive mode operation the 
weak grid operation causes the ripple appearance in the grid voltage which increases 
 
Figure 46.   Grid voltages, DDSRF-PLL measurements, DC link voltages and 
generated current references for STATCOM with modified PLL and DC link 
voltage controller absorbing 0.4 pu inductive current in 150 MVA grid. 
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with the amount of the absorbed current and the frequency of this ripple changes de-
pending on the SCL STATCOM operating, decreasing from high to lower. The modifica-
tion of the PLL has removed this ripple and improved the voltage waveforms; however, 
the DC link voltage controller operation was affected. The modification of the DC link 
voltage controller improves the DC link voltage controller performance, but it needs to be 
designed properly in order to operate at various SCL without any further tuning.  
Overall, the STATCOM has some limitations in the weak grid and these limitations de-
pending on the mode of operation can be resolved or may be left without any attention. 
For example, STATCOM will not be operated as a constant inductive current source to 
reduce grid voltage below 0.9 𝑝𝑢 since this may lead to voltage instability.  
Moreover, since STATCOM operation as constant current source does not regulate PCC 
voltage it can be stated that it operates in open loop mode. Hence, it might be the STAT-
COM is open loop unstable in the weak grid and closed loop stable. Thus, to elaborate 
this, STATCOM in voltage regulation mode in the weak grid needs to be studied and 
observed whether the factors noted in this section also affects in the voltage regulation 
mode. 
5.3 STATCOM operation in Voltage Regulation (VR) mode 
In this case STATCOM was operating in the Voltage Regulation (VR) which means 
STATCOM was regulating PCC voltage to 1.0 𝑝𝑢 reference value. Same as in the con-
stant current mode the purpose was to obtain the stability limits of the STATCOM oper-
ating in weak and very grid conditions, the limiting factors and possible solutions to ex-
tend the operation region of the STATCOM are presented. STATCOM voltage regulation 
mode simulations consist of three parts; 1) operation with the original parameters, 2) 
operation with notch filter added to DDSRF-PLL and 3) obtaining maximum and minimum 
operating limits with notch filter added limiting factors. 
In the VR mode voltage controller that was bypassed in the previous cases was switched 
on. Since the grid impedance is part of the plant transfer function the voltage controller, 
proportional and integral gains of this controller were modified to keep the voltage con-
troller bandwidth smaller than the current controller.  
5.3.1 STATCOM VR mode operation with the original parameters 
In this case STATCOM was simulated with the original parameters to obtain the factors 
affecting its operation in the weak and very weak grid conditions. The weak grid simula-
tions showed that when the STATCOM starts to regulate the grid voltage to the reference 
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value a ripple will appear in the grid voltage. From the simulations it was obtained that 
the frequency of this ripple changes and the weaker grid gets the lower ripple frequency 
gets. Table 4 presents the measured ripple frequency for each the simulated SCLs. The 
amplitude of the oscillations increases with the increase of the STATCOM supplying/ab-
sorbing current magnitude. 
Table 4. Measured ripple frequency to each SCL STATCOM operating. 
SCL (MVA) 
Ripple Frequency 
(Hz) 
300 210 
250 
 
171 
200 165 
150 150 
100 115 
75 99 
50 69 
Figure 47 illustrates the estimated fundamental frequency positive and negative se-
quence components of the grid voltage and grid voltage waveforms for two voltage dip 
cases. In these two cases 150 MVA grid voltage drops to 0.9 𝑝𝑢 and 0.8 𝑝𝑢 for 
0.2 𝑠𝑒𝑐𝑠 and STATCOM operates to bring voltage back to 1.0 𝑝𝑢. As it can be observed 
from the measured dq-components of the grid voltages in both cases the STATCOM 
 
 (a)                                                      (b)             
Figure 47. Estimated fundamental frequency positive and negative sequences of 
the grid voltage and grid voltage waveforms for STATCOM with original 
parameters during (a) 0.1 pu voltage dip and (b) 0.2 pu voltage dip in 150 
MVA grid. 
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regulation starting at 𝑡 = 0.2 𝑠𝑒𝑐 time introduces the ripple to the grid voltage. In both 
cases STATCOM successfully regulates the voltage to 1.0 𝑝𝑢 and clears out the ripple. 
However, in case of 0.2 𝑝𝑢 voltage dip the magnitude of the oscillations is higher com-
pared to 0.1 𝑝𝑢 dip case and consequently it takes more time to clear it out. Moreover, it 
should be noted that current reference 𝐼𝑞 generated by voltage controller exhibits the 
same ripple as can be observed from Figure 48, and it is further fed to the grid. Therefore, 
if the voltage dip gets higher the resulting amplitude of the oscillations will get high as 
well. Thus, at some point amplitude of the oscillations will reach a value above which 
control system is not capable to damp it. Consequently, the high amplitude oscillations 
will result in further harmonic injection to the grid voltage via current controller. 
In addition, the amplitude of ripple also increases with decrease of the grid strength. 
Figure 49 depicts the estimated fundamental frequency positive and negative sequence 
components of the grid voltage and grid voltage waveforms for a STATCOM operating 
in 100 MVA grid. In this simulation case the grid voltage maintained at its reference value 
1 pu and no dip happens on the grid side thus the STATCOM is in idle mode. However, 
the initial connection of the STATCOM to the grid at 𝑡 = 0.1 𝑠𝑒𝑐 causes ripple to the grid 
voltage. Since the stability margin of the system is small it is not capable to damp the 
initial high ripple amplitude and the system becomes unstable. This results in harmonics 
injection by the STATCOM and overall grid voltage distortion as it can be observed from 
Figure 49. It can be concluded that in weak grid conditions it is possible to operate the 
STATCOM. However, for very weak grid conditions and severe fault conditions STAT-
COM operation becomes unstable. Hence, in order to operate safely, the ripple appear-
ing during STATCOM operations needs to be removed.    
 
Figure 48. Voltage controller generated Iq references for STATCOM with original 
parameters during 0.1 pu and 0.2 pu voltage dips in 150 MVA grid. 
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5.3.2 STATCOM VR mode operation with the notch filter added 
The operation of the STATCOM with the original parameters showed that during STAT-
COM operation a ripple appears in the grid voltage and it further emerges in the gener-
ated current references. Hence, for stable operation a method to remove this ripple from 
the measurements is required. Since the ripple appears in the measured fundamental 
frequency positive and negative sequence components of the grid voltage as it can be 
observed from Figures 47 and 49 it is possible to remove these oscillations by adding a 
notch filter to the DDSRF-PLL voltage measurement outputs. The block diagram of the 
modified DDSRF-PLL is shown in the Figure 50. As it can be observed from this figure it 
is just the addition of an extra filter to each voltage sequence output of the DDSRF-PLL 
in the Figure 24. Notch filter rejects all the signals with the frequency it is tuned to.  
 
 
 
 
 
 
Figure 49. Estimated fundamental frequency positive and negative sequences of 
the grid voltage and grid voltage waveforms for STATCOM with original pa-
rameters operating in 100 MVA grid. 
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The addition of the notch filter successfully removes the ripple and STATCOM operation 
becomes stable. Two simulation cases to show the performance of the STATCOM with 
notch filter representing voltage rise to 1.2 𝑝𝑢 and voltage dip to 0.8 𝑝𝑢 of the grid voltage 
in 150 MVA grid were run. Figure 51 illustrates the DDSRF-PLL measured fundamental 
frequency positive and negative sequence components of the grid voltage and grid volt-
age waveforms. For both simulation cases a sudden grid voltage change happens during 
0.2 𝑠𝑒𝑐 ≤ 𝑡 ≤ 0.4 𝑠𝑒𝑐 time interval and then voltage returns back to normal value. As it 
can be observed from the Figure 51 notch filter successfully removed the ripple from the 
dq components measurements of the grid voltage and STATCOM regulates the grid volt-
age to its nominal value during the fault.  
 
Figure 50. Modified DDSRF-PLL with notch filter added. 
 
  (a)                                                           (b)             
Figure 51. Estimated fundamental frequency positive and negative sequences of 
the grid voltage and grid voltage waveforms for STATCOM with notch filter 
during (a) 0.2 pu voltage rise and (b) 0.2 pu voltage dip in 150 MVA grid. 
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Figure 52 shows the current references Id_ref, Iq_ref and I0_ref generated by the STATCOM 
and DC link voltage waveforms and from these waveforms it is obvious that the STAT-
COM is operating normally.  In contrast to the simulation case with the original parame-
ters, the ripple in the current reference has been successfully removed.  
Hence, the notch filter clears out the ripple in the measured sequences and consequently 
significantly improves the STATCOM performance in the weak grid. However, the major 
drawback of the given method is the requirement to tune the notch filter’s parameters 
according to the ripple frequency appearing in each SCL STATCOM is run as it shown 
in the Table 4. The filter parameters can be stored in look-up table and based on the 
operating SCL, STATCOM could update filter parameters from this table. However, in 
practice this would require constant and accurate grid strength measurement.  
 
  (a)                                                              (b)             
Figure 52. Voltage controller generated Iq references and DC link voltage wave-
forms for STATCOM with notch filter during (a) 0.2 pu voltage rise and (b) 0.2 
pu voltage dip in 150 MVA grid. 
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5.3.3 STATCOM operating limits in VR mode with notch filter 
added 
To obtain the maximum and minimum voltage range within which STATCOM is capable 
to operate without causing any issues to the system, STATCOM was run for each SCLs 
in the Table 2. These simulations consisted of two scenarios; in the first case the PCC 
voltage undergoes sudden voltage rise and the maximum grid voltage that STATCOM 
can regulate without stability loss is determined. Likewise, in the second case the voltage 
at PCC suddenly drops and lowest grid voltage at which STATCOM can operate is ob-
tained. The settling time for which the STATCOM considered to be stable was chosen 
as 300 msec. Graphs in the Figure 53 represent the resulting voltage limits for STAT-
COM stable operation. As it can be observed from these graphs, STATCOM is capable 
to regulate the grid voltage without any stability issue in grid with SCL as low as 35 MVA. 
Simulations showed that as grid strengths weakened, the maximum PCC voltage devia-
tion that STATCOM can handle decreases. As it can be observed from the graphs in the 
Figure 53, for the SCLs below 300 MVA the stable voltage operation range shrinks. It 
was found that at lower SCLs the interaction with HF cause the harmonic injection to the 
grid which distorts the voltage waveforms. Moreover, at 200 MVA and 100 MVA SCLs 
the resonance with the HF filter causes the bottleneck in the stable operation range. 
Figure 54 illustrates the estimated fundamental frequency components of the grid volt-
age and instantaneous grid voltage waveforms for two cases simulated with STATCOM 
operating in 150 MVA grid. In the first simulation case at time 𝑡 = 0.2 𝑠𝑒𝑐 grid voltage 
drops to 0.35 𝑝𝑢 and STATCOM starts to operate and injects the reactive power to the 
 
Figure 53. Grid’s maximum and minimum voltage levels STATCOM capable to 
operate versus grid strength. 
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system. However, high current interferes with HF filter current and this produces har-
monics that are further injected to the grid. As it can be observed from the DDSRF-PLL 
measured dq-components of the grid voltage in Figure 54-a during the transient this in-
teraction with the HF filter distorts the grid voltage waveforms. However, the system is 
capable to clear out these harmonics and grid voltage waveforms are restored to sinus-
oidal waveforms. If the voltage drop during the fault is high, the amplitude of the harmon-
ics will be high as well and consequently required settling time will be higher. Therefore, 
if the settling time is chosen greater than 300 𝑚𝑠𝑒𝑐 the low voltage operation range given 
in the Figure 53 can be extended and vice versa can be decreased if the settling time 
chosen to be smaller than 300 𝑚𝑠𝑒𝑐.  
In the second simulation case depicted in the Figure 54-b at time 𝑡 = 0.2 𝑠𝑒𝑐 grid voltage 
rises to 1.4 𝑝𝑢. As it can be observed from these waveforms STATCOM capable to reg-
ulate the voltage to its reference value and in contrast to the previous case there is no 
harmonic injection due to HF filter interaction in the measured grid voltage dq-compo-
nents during transient. Therefore, based on these simulations it can be concluded that 
STATCOM is able to regulate the grid voltage during faults if the voltage limits given in 
the Figure 53 are not exceeded. 
However, if voltage variation exceeds safe operational boundaries indicated in the Figure 
53 the grid voltage gets heavily distorted and STATCOM operation becomes unstable. 
The reason for distortion as it was mentioned earlier is due to the interaction with passive 
HF filter current. To illustrate the operation of the STATCOM in unstable region and the 
factors that affects the stability of the STATCOM operation two simulations cases were 
 
(a)                                                           (b)             
Figure 54. Estimated fundamental frequency positive and negative sequences of 
the grid voltage and grid voltage waveforms for STATCOM with notch filter 
with (a) 0.65 pu voltage dip and (b) 0.4 pu voltage rise faults in 150 MVA grid. 
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run. In these cases, STATCOM operates in 200 MVA grid where resonance happens as 
it can be observed from graphs in the Figure 53. 
Initially the fault representing the voltage dip is simulated at time 𝑡 = 0.2 𝑠𝑒𝑐 and the grid 
voltage drops to 32.5% of its original value which is below the stable operation for given 
SCL as it can be observed from the Figure 53. Figure 55 illustrates the measured funda-
mental frequency dq components of the grid voltage and instantaneous grid voltage 
waveforms. As it can be observed from the estimated grid voltage dq components the 
magnitude of the harmonics due to resonance with the HF is much larger compared to 
previous simulation case in 150 MVA. Therefore, the time for the system to damp the 
harmonics and to bring the voltage waveforms back to sinusoidal is greater than 
300 𝑚𝑠𝑒𝑐 which makes, by the selected definition, the system unstable. However, if the 
time for voltage to settle selected is larger, then system can be expressed as stable for 
given case. 
In the second unstable simulation case at time 𝑡 = 0.2 𝑠𝑒𝑐 a fault resembling the grid 
voltage rise to 1.4 𝑝𝑢 value occurs, and Figure 56 shows the DDSRF-PLL measurements 
of the grid voltage’s positive and negative sequence dq components and grid voltage 
waveforms. Both from the dq components and voltage waveforms it is obvious that the 
operation of STATCOM causes grid voltage distortion and overall system instability. In 
the estimated unfiltered dq components ripple is detected which increases over the time 
and the application of the notch filter is not capable to clear it out. The main reason for 
this ripple to appear is the interference of the STATCOM with the current of the HF filter  
 
Figure 55. Estimated fundamental frequency positive and negative sequences of 
the grid voltage and grid voltage waveforms for STATCOM with notch filter 
with 0.675 pu voltage dip in 200 MVA grid. 
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which distorts the MV side current and consequently it distorts the grid voltage. The dis-
torted voltage brings an error in the PLL’s measured angle. Since initially measured an-
gle has large error based on which the modulator generates voltage references with 
small distortion. These distorted STATCOM generated voltage waveforms further distort 
the grid voltage waveforms which increases the error in the measured angle. This results 
in avalanche effect and consequently leads to complete loss of the synchronization. Fig-
ure 57 depicts the measured instantaneous STATCOM current, MV side current and the 
modulator generated voltage reference waveforms. As it can be observed from these 
waveforms the MV side current becomes distorted over the time and likewise the voltage 
references are also distorted over time. Hence, it can be concluded that interference with 
HF filter causes the voltage distortion in the inductive mode. In the next simulation case 
HF filter parameters will be modified to observe if there are any changes in the system 
operation behavior. 
 
 
Figure 56. Estimated fundamental frequency positive and negative sequences of 
the grid voltage and grid voltage waveforms for STATCOM with notch filter 
with 0.4 pu voltage rise in 200 MVA grid. 
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To reduce the effect of the HF filter during the STATCOM operation, HF filter parameters 
were modified HF filter reactive power rating decreased to 65% of the initial rating. With 
the given HF parameters previous two fault simulation cases of STATCOM operating in 
200 MVA case were rerun. Figure 58 depicts the estimated fundamental frequency pos-
itive and negative sequence components of the grid voltage and grid voltage waveforms 
for both cases. As it can be observed from the waveforms the modification of the HF 
parameters improved the STATCOM operation for cases that initially were unstable. 
The HF filter modification in STATCOM capacitive mode operation has significantly de-
creased the amount of the harmonics and as it can be observed from the measured dq-
components of the grid voltage in Figure 58-a. The harmonic content with lower ampli-
tude requires less time for control system to remove these oscillations. Hence, with mod-
ified HF filter the settling time for the grid voltage waveforms is lower compared with the 
original filter parameters.  
In case STATCOM operates in inductive mode with modified HF filter, the interaction 
with the HF filter does not take place and therefore the ripple does not appear. This can 
be noticed from the DDSRF-PLL measurements in the Figure 58-b which shows that 
STATCOM operation is stable and grid voltage properly regulated to 1 𝑝𝑢.  
The modification of the HF filter removes instability factors limiting STATCOM operation 
and enhances the STATCOM operation range. However, it is almost impossible to 
change the HF parameters after its installation as it would require scrapping of old com-
ponents and installation new ones. Therefore, if during initial system studies the HF filter  
 
Figure 57. STATCOM generated current, MV side line current and STATCOM 
modulator generated voltage reference waveforms during 0.4 pu voltage rise 
in 200 MVA grid. 
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impact on the STATCOM operation in the weak grids is not considered, modification of 
the HF filter is not the best way to solve the instability issue. 
If HF filter modification is not possible, extension of the STATCOM operation region in 
weak grid is achievable by modifying PLL. Since the instability especially in inductive 
mode is cause by PLL erroneous angle measurement which leads to synchronization 
loss, making PLL slower will remove the synchronization issue. To prove this STATCOM 
with decreased PLL bandwidth was simulated in 200 MVA grid with the same voltage 
deviations as in previous case. Figure 59 depicts the DDSRF-PLL measured positive 
and negative sequence dq-components of the grid voltage and grid voltage waveforms. 
From these waveforms it is clear that PLL modification makes system stable and in both 
fault cases the STATCOM regulates the voltage to its reference without much distortion 
to grid waveforms.  
Hence, PLL modification removes the effects of the HF interaction and consequently the 
STATCOM operation becomes more stable. However, the modification degrades the DC 
link voltage controller performance and DC link voltage controller redesigning or param-
eters retuning required. 
 
 
 
(a)                                                   (b)             
Figure 58. Estimated fundamental frequency positive and negative sequences of 
the grid voltage and grid voltage waveforms for STATCOM with notch filter 
and modified HF during (a) 0.675 pu voltage dip and (b) 0.4 pu voltage rise 
faults in 200 MVA grid. 
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5.3.4 VR mode summary 
STATCOM operating in the voltage regulation mode was simulated in the weak grid con-
ditions to investigate factors that limits its operation. It was found out that STATCOM 
operation with the original parameters results in the injection of the harmonics to the grid 
which are detected as a ripple in the measured positive and negative sequence dq-com-
ponents of the grid voltage. The frequency of the injected harmonics changes with the 
grid strength, the weaker grid gets the lower is the ripple frequency. The magnitude of 
the ripple increases with amount of the supplied reactive power and at weaker grids 
ripple amplitude is higher than in the stronger ones.  
Next a notch filter to remove the ripple in the measured dq-components of the grid volt-
age was added to the DDSRF-PLL voltage output. The notch filter cleared out the ripple 
and made voltage regulation much smoother and more stable. With the notch filter added 
the STATCOM is capable to regulate the voltage in very weak grids with grids strengths 
lower than 50 MVA and capable to deal with extreme voltage variations. However, in 
very weak grids the interaction with HF filter limits the operation range of the STATCOM 
and leads to instability. Moreover, at some SCLs the resonance with HF occurs that 
distorts the grid voltage and the system becomes unstable. HF filter modifications re-
moved the resonance and decreased the interaction with the filter. Therefore, if the weak 
grid operation considered to be the part of the STATCOM operation it is very important 
 
(a)                                                   (b)             
Figure 59. Estimated fundamental frequency positive and negative sequences of 
the grid voltage and grid voltage waveforms for STATCOM with notch filter 
and modified PLL during (a) 0.675 pu voltage dip and (b) 0.4 pu voltage rise 
faults in 200 MVA grid. 
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to include the effect of the resonance in the initial harmonic studies and component se-
lection.  
Finally, PLL parameters to reduce its speed were modified and STATCOM with modified 
PLL demonstrated stable operation. However, this modification also requires the tuning 
of the DC link controller to achieve stable DC link voltages.  
There are several factors that limit STATCOM to supply or absorb full rated reactive 
power to/from the grid. Main factors that limit STATCOM operation in the weak grid are 
DC link voltage level, interference with the HF filter, loss of synchronization. Modification 
to the control parameters improves the system stability significantly. However, if initial 
system design studies consider the effects of the weak grid operation i.e. HF filter inter-
ference there would be less unpredictable factors which would require the control pa-
rameters modification.  
Therefore, based on the investigations and simulations made it can be assumed that 
STATCOM is capable to operate in the weak grid with its rated power. To avoid synchro-
nization loss the effects of the HF filter and DC voltage level during the system design 
stage should be considered. 
5.4 STATCOM operation during faults 
In this case symmetrical and asymmetrical faults were simulated when STATCOM was 
operating in the weak grid conditions. The purpose was to test control system perfor-
mance and how STATCOM will react to different fault types. First, a symmetrical three-
phase to ground fault was simulated and the behaviour of the control system was tested. 
In the second case two asymmetrical, single-phase to ground and phase-to-phase faults 
were simulated to test the control system behaviour in case of the unbalanced grid con-
ditions. 
During the fault conditions STATCOM control system performs as it is designated. In 
symmetrical case it will supply the rated reactive power to the grid to support the grid 
voltage. However, in case asymmetrical fault the grid voltage support will move to the 
second plan due to severe DC link voltage unbalance. The bulk of the STATCOM gen-
erated current will flow inside the delta branches as zero sequence current.  
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5.4.1 Three-phase to ground fault 
To analyse STATCOM response during symmetrical fault in 200 MVA grid was simu-
lated. In the given case at time 𝑡 = 0.2 𝑠𝑒𝑐 a fault that mirrors three-phase to ground fault 
in the grid that results in the 0.55 𝑝𝑢 voltage drop at PCC happens and it clears at time 
𝑡 = 0.45 𝑠𝑒𝑐. Figure 60 illustrates the grid voltage waveforms and STATCOM supplied 
current waveforms. From this figure it is clear that when fault happens STATCOM starts 
to supply rated current to the grid until the fault is cleared. Once fault clears after short 
transient STATCOM stops supplying the current to the grid and as it can be observed 
from the current waveforms in the Figure 60 current reduced to zero. 
Figure 61 depicts the DDSRF-PLL estimated positive and negative sequence dq-com-
ponents and frequency measurements, DC link voltage waveforms and generated cur-
rent references in dq-domain. These graphs reflect the control system’s response to the 
fault. It is obvious from the DDSRF-PLL measurements that synchronization is robust 
and after fault happens PLL quickly restores the synchronization. During the fault DC link 
voltage controller keeps the DC voltages close to reference values. Since the fault is 
symmetrical the generated current consists only q-component as it can be observed from 
the generated current references. Overall, in case of symmetrical fault STATCOM does 
not lose the synchronization with the grid and it is capable to supply rated current to the 
grid to support grid voltage. Even though the grid voltage during the fault drops below 
0.5 𝑝𝑢, control system of the STATCOM does not face any issues.   
             
Figure 60. Grid voltage waveforms and STATCOM supplied current during three-
phase to ground fault in 200 MVA grid. 
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5.4.2 Single-phase to ground fault 
In this case STATCOM’s response to asymmetrical fault in 200 MVA grid was investi-
gated. In the given case at time 𝑡 = 0.2 𝑠𝑒𝑐 a single-phase to ground that results in 50% 
voltage drop in phase a occurs and fault is cleared at 𝑡 = 0.45 𝑠𝑒𝑐. STATCOM responses 
immediately to the fault as it can be observed from the Figure 62 which depicts grid 
voltage waveforms and STATCOM supplied current waveforms. Since the grid voltages 
are unbalanced injected capacitive current will create the overvoltage in the unaffected 
lines as it can be observed from grid voltage waveforms. Compared to symmetrical case 
STATCOM does not supply fully rated current to the grid as it can be observed from the 
Figure 62. This happens due to unbalanced grid voltages which requires ZSCI controller 
to inject zero sequence current to balance the DC link voltage waveforms and to prevent 
inequal power dissipation in STATCOM branches.  
Figure 63 represents the estimated positive and negative sequence of the grid voltages, 
measured frequency, DC link voltages and generated current references. DDSRF-PLL 
voltage measurements shows that decoupling network separated positive and negative 
sequence components and PLL locked to the positive sequence network d component. 
Unbalanced grid voltage results in the deviation of the DC link voltages from their refer-
ence value when fault occurs which successfully regulated to their reference value by 
ZSCI as it is depicted in Figure 63. Since the required zero sequence current for DC link 
 
             
Figure 61. DDSRF-PLL voltage and frequency measurements, DC link voltages 
and generated current references during three-phase to ground fault in 200 
MVA grid. 
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voltage balancing is high as it can be observed from the generated current references it 
will limit the amount of the available current quadrature component. Hence, this will result 
in the limited amount of the available reactive current at STATCOM output as it seen in 
Figure 62.  
 
 
 
             
Figure 62. Grid voltage waveforms and STATCOM supplied current during sin-
gle-phase to ground fault in 200 MVA grid. 
             
Figure 63. DDSRF-PLL voltage and frequency measurements, DC link voltages 
and generated current references during single-phase to ground fault in 200 
MVA grid. 
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5.4.3 Phase-phase to ground fault 
The final fault that was simulated was phase-to-phase with fault resistance of 75 ohm in 
the 200 MVA grid. Same as in previous cases fault occurs at time 𝑡 = 0.2 𝑠𝑒𝑐 and clears 
at 𝑡 = 0.45 𝑠𝑒𝑐. The resulting grid voltage, STATCOM supplied current and STACOM 
branch current waveforms depicted in Figure 64. In contrast to the previous fault cases 
STATCOM does not supply reactive power to the grid to support the grid voltages as it 
can be observed from the STATCOM output current waveforms. Voltage unbalance is 
heavier compared to the previous case; hence, the voltage DC link balancing requires 
more zero sequence current which makes up the STATCOM branch current as it can be 
observed from the Figure 64.   
Figure 65 represents the estimated positive and negative sequence of the grid voltages, 
measured frequency, DC link voltages and generated current references. As it can be 
observed from the DDSRF-PLL measurements the amount of the negative current is 
higher compared to single-phase to ground fault. Consequently, DC link voltage devia-
tion from their reference is high as it can be observed from DC link voltage waveforms. 
Thus, required zero sequence current for balancing and time needed to reach reference 
value is higher. As it can be observed from the current references STATCOM current 
consists only of the zero sequence component thus no capacitive current is supplied to 
the grid as it can be observed from the Figure 64.  
 
 
             
Figure 64. Grid voltage waveforms and STATCOM supplied current during 
phase-to-phase fault in 200 MVA grid. 
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Figure 65. DDSRF-PLL voltage and frequency measurements, DC link voltages 
and generated current references during phase-to-phase fault in 200 MVA 
grid. 
78 
 
 
6. CONCLUSIONS AND FUTURE WORK 
The purpose of this thesis was to study the effect of the weak grid operation on the 
STATCOM control system. Integration of the VSC devices to the weak grid is challenging 
due to high ⅆ𝑉/ⅆ𝑄 sensitivity and high grid impedance. One of the major issues that 
limits the integration of the power electronic converters utilizing SRF-PLL in weak grid 
conditions is the synchronization loss. Synchronization loss happens due to interaction 
with the high grid impedance which deteriorates PLL operation. To investigate the impact 
of the weak grid on STATCOM operation three different cases were simulated.  
First, STATCOM operating as constant current source was simulated in weak grid con-
ditions to obtain the factors that impact STATCOM stability. In this mode STATCOM is 
capable to operate at extremely weak grid conditions; however, the amount of the reac-
tive power will be limited. It was found out that in capacitive mode main limiting factor 
that restricts normal operation is amount of the available DC voltage level. Due to high 
sensitivity of the grid voltage in the weak grid to the amount of injected reactive power, 
high amounts of the reactive power will cause the voltage rise above the available DC 
link voltage level. DC link voltage exceeding will result in the harmonics injection by 
STATCOM. Inductive mode simulations showed that in weak grid conditions STATCOM 
operation will result in appearance of high frequency oscillations in the grid voltage. It 
was noticed that the ripple frequency decreases with the decrease of the system 
strength. High amount of the current absorption will increase the amplitude of the ripple 
that due to fast PLL synchronization will lead control system instability. PLL bandwidth 
reduction has improved the synchronization; however, this modification made DC link 
voltage controller operation erroneous. Hence, with modification of the PLL parameters 
DC link voltage controller also needs to be retuned. In addition, HF filter has a huge 
impact in terms of the voltage rise and voltage distortion during the transients. 
Next, STATCOM operating in VR mode was simulated in weak grid conditions and it was 
observed that during voltage regulation grid voltage exhibits ripple in the grid voltage. 
Same as in constant current mode case the frequency decreased with the SCL. To re-
move these high frequency oscillations, a notch filter tuned to the ripple frequency was 
added to the DDSRF-PLL voltage measurement output. This modification significantly 
improved the STATCOM performance. With notch filter added the operational limits for 
various grid conditions were obtained. In capacitive mode it was noticed that STATCOM 
is capable to support grid voltage for very high voltage drops. However, in inductive mode 
it was noticed that addition of the notch filter cannot clear the ripple if the limits exceeded. 
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Moreover, at some SCL resonance happens and the operation range is lower compared 
to adjacent SCLs. Further elaboration revealed that in inductive mode interaction of the 
STATCOM supplied current with the HF filter causes grid voltage distortion and STAT-
COM instability. Reduction of the HF filter rating decreased the negative effect of the HF 
filter. Another proposed suggestion was to decrease PLL bandwidth to make PLL less 
sensitive to errors; however, this method would require DC link voltage controller modi-
fication.  
Finally, weak grid with STATCOM connected was subjected to symmetrical and asym-
metrical faults. In all cases STATCOM control system performed without any issues. In 
case of symmetrical fault STATCOM supplied the rated reactive power to the grid. While 
in case of asymmetrical faults due to unbalanced grid voltages the bulk of the STATCOM 
current was supplied to balance DC link voltage waveforms.  
Under scope of studies in the simulations cases STATCOM’s control system’s perfor-
mance was tested in the weak grid conditions under varying SCLs and voltage levels. 
Even though the simulation results for studied cases showed promising results for STAT-
COM application in weak grid conditions, control system performance was not tested for 
cases where grid exhibits high harmonic distortion or frequency variation happens. 
These topics were excluded from the scope of the present work due to of lack time and 
can be included in the future studies.  
As a first step in the future work controls of STATCOM can be tested with the same ideal 
source connected weak grid model but for varying conditions. Frequency variation stud-
ies can be further expanded to cases where the ideal source is substituted with real 
generator model. Same test as in this thesis can be simulated to verify the STATCOM 
operability for varying frequency conditions.  
Another interesting topic that could be investigated in the future studies is the energisa-
tion of the STATCOM in weak grid conditions. This study can be extended to study where 
STATCOM is used to support grid voltage during the black start.  
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